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Abstract 
A rising demand for metals has forced the mining industry to target deeper orebodies. With 
increasing depth, lower grade orebodies become uneconomical because of higher extraction and 
production costs. Hence, the industry is transitioning to more cost-effective underground mass 
mining methods such as block caving (BC). In BC, the ore is undercut by blasting to create a void 
and then drawing off the broken rock to induce failure and subsidence of the overlying rock mass 
(cave back). This initiates an upward progression of the cave either due to failure along natural 
discontinuities (gravity caving) or due to stresses induced in the cave back (stress caving). Detailed 
knowledge of the geology and structure is required at all scales to manage the mine caving 
processes. This involves predicting the caveability and fragmentation of the rock mass and the 
effects of subsidence-induced deformation mechanisms on the surrounding rocks, and at surface. 
BC is a ‘blind’ mining method and direct observations of the mined zone are limited. To enhance 
the understanding of the processes operating in gravity induced cave systems, solution collapse 
breccia pipes (SCBPs) and sinkholes were studied on the Colorado Plateau, USA, as potential 
analogues to mining induced caving. SCBPs form under the influence of gravity, when rock masses 
progressively collapse into a developing void produced by water flow and the dissolution of rocks 
such as limestone. These processes result in an upward stoping process through the overlying rocks, 
which eventually forms a vertical, pipe-shaped column of broken rock. After lithification, this 
structure becomes an SCBP. Recent erosion that formed the Grand Canyon system has exposed 
many SCBPs in section on canyon walls. 
This study employed close-range photogrammetry and photo-interpretative mapping to study the 
features of well exposed but mostly inaccessible SCBPs and sinkholes. Georeferenced 3D models 
allowed accurate data to be collected for structural analysis, inferences to be made about rock mass 
behaviour, and the identification of processes that operated during subsidence. This was the first 
approach to study SCBPs by applying close-range photogrammetry. The results enhance the 
understanding of SCBP geological evolution over time.  
Four zones were identified in typical SCBPs, with each exhibiting different deformation and 
collapse mechanisms and/or flow processes. From the centre to the periphery, typical SCBPs are 
comprised of, (1) the breccia body, a clast to matrix-supported breccia with angular to sub-rounded 
clasts, (2) the pipe margin, a zone of intense fracturing and shearing, (3) the deformation zone, a 
region of faulted and displaced rocks surrounding the breccia body, and (4) the undeformed wall-
rocks. The mechanics of SCBP collapse are most strongly influenced by lithology and both pre-
existing and stress-induced discontinuities. Placing studied SCBPs in a regional context showed that 
their location and shape is controlled by basement faults and joint patterns.  
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The analysis of clasts in SCBP breccia bodies shows that complex flow features developed when 
they were mobile, including differential flow, ‘pipes within pipes’ and shearing along the pipe 
margin contacts prior to lithification. Clast size and shape was determined by competent wall rocks, 
which formed larger, angular blocks. Less competent rocks produced smaller, rounded fragments. 
Joint densities in wall-rocks, and bed thickness also influenced clast size and shape. Large blocks 
interlocked and enhanced the downward percolation of fines through preferred pathways. The 
spatial relationship of larger clasts derived from the same host unit was maintained during 
subsidence. Some clasts were rotated along their long axes, particularly at the pipe margin. In the 
deformation zone, the effects of subsidence varied from large- to small-scale faulting along with 
displacement and joint development, particularly evident in competent layers, to subtle folding of 
less competent rocks. Zones of higher porosity within the breccia body were identified and are 
mostly concentrated around the margins. These zones enhanced water movement associated with 
alteration and introduction of minerals. Some SCBPs intersected the surface, producing topographic 
depressions that were many times larger than the diameter of the subsiding column.  
SCBPs and a typical BC mine were compared in terms of equivalent zones recognised in both 
systems, each exhibiting characteristic geological influences on operating processes. The results 
show that natural systems are analogous to mining induced caving in several ways. The nature and 
variability of host lithologies, pre-existing and induced discontinuities (including bedding) 
significantly impact the caveability and fragmentation of a rock mass, and behaviour of the broken 
material in a subsiding column. SCBPs are most closely analogous to the standard ‘single 
drawpoint’ Discrete Element Method (DEM) flow modelling simulations that have guided the 
theoretical understanding of cave mining flow processes (e.g. Hancock, 2013). This study is the first 
real-world validation of the theoretical assumptions inherent in DEM models. The knowledge 
gained can be used to inform BC failure mechanism simulations and highlights the importance of a 
detailed understanding of the litho-structural architecture of the rock mass at all scales. 
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1 INTRODUCTION 
 
1.1 Preamble  
The thesis presents the results of research that tested the notion that natural collapse cave systems 
could provide analogues for gravity driven block cave mining. It involved three key components to 
achieve this: 
 
1. The development and application of a workflow for virtual outcrop mapping in remote 
locations, to capture the geology of natural collapse cave systems for further analysis (3.4 
Close Range Photogrammetry). 
 
2. Detailed geological analysis of natural collapse cave systems to derive structural and 
fragmentation data, to corroborate processes of formation and to use for comparison to block 
caving (4.6 Structural Analysis).  
 
3. A comparison of findings from natural collapse structures in the context of block cave 
mining (5.3 Solution Collapse Breccia Pipes as Analogues to Block cave Mining Systems). 
 
This research was the first comparison of natural subsidence structures with mining systems 
and applied close range photogrammetry in new ways to the needs of the study.  
 
1.2 Background 
Underground mass mining methods, like sublevel caving (SLC), block caving (BC) or panel caving 
(PC) have become the preferred mining methods of extracting ore from deep, low grade ore 
deposits (Chitombo, 2011). The rise of global demand for important commodities such as gold, 
copper and iron ore requires the exploration and extraction of orebodies at much greater depth 
(Chitombo, 2011). These systems operate in the subsurface and thus, this mining method is often 
referred to as ‘blind’ (Hood et al., 1999; Brown, 2003). Therefore, detailed knowledge of the rock 
mass and structures at all scales can assist in the efficient operation and application of caving 
methods. The influence of the geology on the ‘caveability’ (after Brown, 2003) of the rock mass 
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requires further research (Webster, 2015a) to determine which criteria, alone or in combination, 
have predictable effects.  
In this thesis, natural caved systems were studied as potential analogues to mining induced caving 
to detail the processes operating in gravity induced cave systems. This project developed from the 
observation that caving and subsidence occurs naturally in geologic systems. Any unsupported rock 
mass will cave under the influence of gravity and in situ stress, if the undercutting zone extends 
across a certain size and the weight of the overlying material exceeds its natural strength (Laznicka, 
1988; Brown, 2003). Natural collapse systems form under the influence of gravity, when rock 
masses progressively collapse into a developed void (e.g. produced by water flow and the 
dissolution of soluble rocks) (Laznicka, 1988).  Underground mass mining methods operate on the 
principle of void generation in the sub-surface to induce caving of the overlying rock mass (Brown, 
2003).  
Natural caved systems should provide analogues to improve understanding of caving systems and 
thus predictability of mining induced caving mechanisms. Solution collapse breccia pipes (SCBPs), 
and sinkholes, which form under the influence of gravity when rock masses progressively collapse 
vertically into developing voids, are one such system. The shape of these pipe-like systems 
(SCBPs) can be described as near vertical to steeply inclined funnels, columns, cones or chimneys 
(Laznicka, 1988). The fragmental material (‘rubble’) that accumulates in the void during collapse of 
the overlying rock consists of generally angular fragments of different shapes and sizes. Eventually 
it may consolidate and become lithified – to produce a breccia – a rock dominated by angular 
fragments (Whitten and Brooks, 1972). The collapse is accompanied by brittle (e.g. fracturing) and 
ductile (e.g. bending) deformation in the surrounding rocks and can cause subsidence on the 
surface. 
 
1.3 Research Objectives 
The objectives of this research are to characterise naturally collapsed cave systems, to understand 
the dynamics of the processes that formed them, and to compare these natural analogues to mining 
induced cave systems. Solution collapse breccia pipes (SCBP) and other related natural geological 
systems (e.g. sinkholes and solution caverns) were selected as they formed due to gravity-controlled 
rock fragmentation that produced a vertical displacement of broken rock into a progressively 
developing void. 
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The approach of the study was to investigate and document the most important and relevant 
geological and geotechnical characteristics of mineralised and un-mineralised SCBPs that are 
exposed in the walls of the Grand Canyon in Arizona, USA. Data collection methodologies ranged 
from compilation of existing map data in geographical information systems (GIS), direct outcrop 
examination and mapping, 3D imagery (photogrammetry) and modelling, to examination of drill 
core and mine grade data.  These data were used to understand and reconstruct the sequence of 
collapse events that produced SCBPs and the influence of the host geology on the caving 
mechanisms in terms of caveability, fragmentation and rheology. This knowledge was used to 
identify potential analogous features and processes to mining induced caving. 
For comparisons, the criterion must be capable of defining the caving mechanisms of both, mining 
induced cave mines and natural collapse caved systems. The criteria must consider a range of 
factors influencing caving including natural features such as host-rock lithology, discontinuities and 
bedding, as well as caving induced features such as fragmentation, fractures, and subsidence, to 
understand how these features influence the size, shape and propagation of the systems. 
 
1.4 Research Question and Hypotheses 
To guide this research, the following questions about natural SCBPs were asked: 
  
- What geological characteristics influence and control natural caving?  
- What are the mechanisms that control fragmentation and flow in natural caves?  
- What controls the propagation of natural caves?  
- How does this knowledge assist in geological and geotechnical understanding of induced cave 
  mining? 
 
Hypotheses: 
1. Mechanisms of collapse are controlled by geological and geotechnical characteristics of 
the rocks.  
2. The processes that operate in the formation of natural solution collapse breccia pipes are 
analogous to those that operate during mining induced caving. 
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1.5 Justification 
Historical and current methods of predicting caveability of rock masses and subsequently rock 
fragmentation in underground mass mining were reviewed in detail. Particular emphasis was placed 
on BC methods, since this system operates similar to SCBPs in terms of cave initiation, propagation 
and shape, but is difficult to observe in the subsurface. The prediction of rock fragmentation is 
crucial for BC and depends on understanding the natural fragmentation of rock masses and the 
fragmentation processes occurring in the draw column (Elmo et al., 2014). A draw column refers to 
the vertical pipe-like shaped pile of broken material above a drawpoint (location of ore recovery) 
(Brown, 2003). The excellent exposures of SCBPs in the Grand Canyon, Arizona, USA, provide a 
unique opportunity in which to study the products of gravity induced caving, which are now frozen 
in time and preserved in the geology. Information gathered from the study of SCBPs can be used to 
understand the caveability, fragmentation, and subsidence-induced deformation mechanisms on the 
surrounding rocks, and at surface. 
 
1.6 Methodology 
SCBPs are exposed in the canyon walls of the Grand Canyon, Arizona (USA) and previous 
researchers have described the general aspects of their formation (e.g. Wenrich, 1985; Billingsley et 
al., 1999), however, the systems have not been considered as analogues to mining induced caving. 
The research aims to understand the geological context of the collapsed cave systems, as well as to 
define and classify clast fragment sizes and angularity within the SCBPs and sinkholes. For this, 
characterising the host-rock mass (in terms of lithology and in situ discontinuities) and clasts (e.g. 
whether clast-supported, or matrix supported, their size, angularity, roundness, etc.) is fundamental 
to establish a relationship with the host-rock and collapsed material.  
The data acquisition ranged from remotely sensed surface mapping (existing map data in GIS), to 
direct outcrop examination and sampling for structural geology data collection, to high-resolution 
imagery for two-dimensional (2D) photography, photo-interpretative mapping, close range 
(terrestrial) photogrammetry and highly accurate GPS surveying in order to create detailed three-
dimensional (3D) models, to drill core logging and sampling for understanding the internal geology 
of an SCBP. 
Field observations were limited to the outcrop extent, and SCBPs were not exposed in their entirety 
at a single location. SCBPs are many times larger (up to 1,300 m) than often exposed (up to 250 m) 
and lack bottom to top relationships. Identifying key features of a SCBP system across different 
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field sites in which they were only partially exposed, was challenging. Interrogation of data from 
multiple sites allowed the full description of pipe characteristics (host-rock lithology, geometry, 
size, shape, etc.) across the whole stratigraphy. Where possible, the composition and texture of the 
breccia pipes were mapped, clasts identified, and samples taken.  
The structural geology was studied to understand the nature of discontinuities, such as bedding, 
faults and joints. Discontinuities are significant for rock failure, since they are considered as weak 
planes in otherwise intact rock (Wyllie and Mah, 2004) and are an important factor in the 
deformation of a rock mass (Li and Huang, 2015). Characteristics of the discontinuities (e.g. 
roughness, infilling material, orientation, and strength of the joint wall) will influence their 
behaviour (Li and Huang, 2015). The joint surface roughness depends on the rheology of the rock 
mass (Barton, 1973) and defines the joint roughness coefficient, which is used to determine the 
peak shear strength of joints (Barton, 1973; Li and Zhang, 2015). In the field, surface mapping 
allows for measuring joint attitudes (strike, dip and dip direction), fault and fracture displacement, 
and bedding. These attitudes are used to define different sets that influence the rock mass failure 
(Wyllie and Mah, 2004). However, roughness and the nature of infill requires higher resolution 
mapping and physical contact with the wall. Collecting structural data is important to understand 
the 3D architecture of the structural features in the rock mass, which may influence the stability and 
potential caveability of the rock. 
However, physical surface mapping can be very challenging in the Grand Canyon (or any field 
area). Some SCBPs are exposed in inaccessible walls on the other side of the canyon (up to 1 km 
distance) or too large to physically map in the field. To overcome this problem, high-resolution 
imagery data was used for further analysis such as photo-interpretative mapping or 
photogrammetry. Close range photogrammetry is commonly used to generate 3D models from 2D 
photography (Chandler, 1999; Luhmann et al., 2014). In geosciences the application is employed to 
reconstruct landforms (e.g. digital elevation models) (Fonstad et al., 2013), topographic and surface 
models (Martin, 1980; Heng et al., 2010), and to study the geomorphology (Chandler, 1999; Lane, 
2000; Grosse et al., 2012). Recent improvements in data acquisition and post-processing methods in 
digital surveying, led to the creation of orthophotographic mosaics and 3D point clouds. Combining 
a mosaic with a point cloud allows for identifying and digitally mapping geological and structural 
features in 3D models (Carrivick et al., 2016). These improvements enable the user to accurately 
map and study the geology and structural features in an outcrop, which is either too large to apply 
physical surface mapping or inaccessible, such as some SCBPs. The fidelity of the 3D models and 
thus accuracy of structural data can suffer from the quality of the input data (e.g. photographs, GPS 
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measurements), as well as software reprojection error. However, in the context of this research the 
accuracy of the 3D models was considered to be appropriate for the purpose of this study (Klawitter 
et al., 2017). 
Energy Fuels Inc. (USA) provided mine reports and digital models in Maptek Vulcan format, as 
well as drill core data, from uranium (U) mineralised SCBPs. This study does not assess the timing 
of mineralisation or grade of the ore. However, the mine data enhance the understanding of the 
internal geometry of SCBPs. The models were created from underground mine mapping, drill-hole 
data and interpretation of the mine geologist. Subsequently, this data set was used to define internal 
zones of different breccia composition to assess the bulk composition of material, as well as to 
identify outer boundaries between the brecciated material and disturbed wall-rocks to determine the 
horizontal extent of SCBPs. Additionally, the information about the concentrations of U ore 
(located within and around the breccia body) helped to define former zones of high porosity.  
The analysed data from SCBPs (including sinkholes and solution caverns) were used to develop a 
conceptual model that defines particular zones of an SCBP, each with characteristic geological 
criteria and operating processes. A typical BC mine was considered in similar zones, which allow 
for the discrimination of different sections in a mine and surrounding rock mass that are affected by 
the mining processes and cave establishment. Subsequently, equivalent zones within both 
conceptual models (SCBP and BC mine) were compared in terms of similarities and differences 
between both systems to establish potential analogues between natural collapsed cave systems and 
mining induced caving.  
 
1.7 Limitations of Existing Methods (Gaps) 
Many researchers have recognised that natural collapsed cave systems (e.g. SCBPs) form from 
subsidence (e.g. Wenrich, 1985; Billingsley et al., 1999). The general aspects of the formation of 
SCBPs are understood. However, the mechanisms of subsidence and collapse have not been 
investigated in detail (Gornitz and Kerr, 1970; Wenrich, 1985; Krewedl and Carisey, 1986; 
Rasmussen et al., 1986). Previous studies were mainly limited to surface mapping and 
interpretations of aerial photography. Close range photogrammetry is now employed to study the 
details of the collapsing mechanisms of these systems, which had not been done before. This 
technique qualitatively and quantitatively enhances the analysis, particularly for SCBPs outcropping 
in canyon walls, to assess the host-rock mass in terms of lithological and structural features in 
relationship with the collapsed material and details of brecciation of the rock. These exposures 
provide unique opportunities to give insights into their formation mechanisms and study their 
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genesis, deformation mechanisms, flow behaviour within the rock column in respect to their 
stratigraphic and lithological setting and to understand the interplay between those parameters. It is 
one of the major aims of this research project to fill this gap, and to define the formation 
mechanisms. Hence, SCBPs, solution caverns and sinkholes were studied across a wide range of 
stratigraphic levels. Through the interrogation of data collected from several outcrops, an enhanced 
understanding of pipe genesis and deformation mechanisms became evident.  
In BC, knowledge gaps were identified in terms of understanding the relationship between in situ 
and primary fragmentation processes (defined by blocks in the cave back and blocks separated from 
the cave back after caving is initiated) (Brown, 2003), mechanisms of gravity flow, as well as the 
influence on the surrounding rocks and surface subsidence. SCBPs were studied as potential 
analogues to mining induced caving to substantially improve the understanding of primary 
fragmentation and material movement in the muck piles of cave mines. 
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2 LITERATURE REVIEW 
 
2.1 Underground Mass Mining 
Currently the mining industry is focused on the exploration and recovery of large scale, low-grade 
orebodies at greater depths (Chitombo, 2011; Sainsbury et al., 2011; Woo et al., 2013). This is the 
result of the growing global demand for important metalliferous commodities such as gold and 
copper. As the depth of those ore bodies increases, the mining industry has a greater need for low 
cost, high volume extraction methods, and transitions from open pit to underground mass mining 
(Chitombo, 2011). This shift in mining is addressed by applying large-scale, high-production, low-
cost mining methods. In underground mass mining, this is achieved by employing cave mining 
methods such as sublevel caving (SLC), block caving (BC) and panel caving (PC). Understanding 
the rock masses in terms of caveability and fragmentation is crucial for the success of these 
techniques (Chitombo, 2011). Previous researchers (e.g. Laubscher, 1994; Brown, 2003, 2007; 
Chitombo, 2010) studied the different caving methods and described them as follows: 
 
• Sublevel caving (SLC): Sublevels are installed in the orebody, from where the overlying 
rock is drilled and blasted. Following the extraction (draw) of the ore, the overlying rock 
caves on top of the broken ore (Figure 1). 
 
• Block caving (BC): The orebody is undercut to create a void. Blasting of the overlying rock 
and drawing of the caved material induces caving in the back of the cave due to gravity or 
induced stresses (Figure 2).  
 
• Panel caving (PC): The mechanics in PC are similar to those operating in BC. The orebody 
is undercut and blasted. Drawing induces progressive caving in a series of panels. However, 
the undercut develops along with the life of the mine. Hence, the initial cost of mine 
establishment are lower than for BC.  
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Figure 1: Illustration of a typical layout for sublevel caving (adapted from Fernberg, 2007). Note: broken material is 
extracted from the sublevels. 
 
 
Figure 2: Illustration of a typical layout for block caving (adapted from Fernberg, 2007). Note: broken material is 
extracted from the undercut via drawpoints (excavated area on the production level). 
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2.2 Basic Caving Mechanics 
Any unsupported rock mass will cave under the influence of gravity and stress if the undercutting 
zone exceeds a critical volume, which depends on the interaction between induced stresses, strength 
of the rock mass, as well as the characteristics of the discontinuities (Brown, 2003). Low stresses 
may permit the rock to fall freely under the influence of gravity or to fail along existing 
discontinuities. This is called gravity caving. High stresses can cause failure of the rock mass, 
which also results in collapse under the influence of gravity; a mechanism called stress caving 
(Brown, 2003). 
Both mechanisms initiate an upward moving process, propagating through the overlying units and 
causes the material to collapse into the void. The collapsed material bulks and eventually could fill 
the void. Bulking defines the increase in volume of a rock mass during caving (Brown, 2003). Once 
the void is filled with broken material, which supports the cave ceiling, further collapse is retarded 
(Brady and Brown, 2004). The development of a self-supporting arch at the ceiling of the cave 
(Brown, 2003) can prevent further failure. If a self-supporting arch is not established, the ceiling of 
the cave continues to fail until the cave reaches the surface, and forms a sinkhole (Brady and 
Brown, 2004).  
Duplancic and Brady (1999) studied the early stages of caving and developed a conceptual model 
that contains five regions (Figure 3). The mobilised zones represents previously caved material. On 
top of this rock pile an air gap (void) develops, which concentrates stress in the overlying and 
surrounding rocks (yielded zone). In the yielded zone the rock mass is affected by displacement of 
the rock mass along discontinuities. This zone is surrounded by a seismogenic zone, which is 
subject to seismic activity due to the cave development. The elastic zone encompasses the 
seismogenic zone and is characterised by elastic deformation (Duplancic and Brady, 1999) (Table 
1). 
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Figure 3: Conceptual model of caving illustrating the different regions developing above a typical block cave during 
propagation (modified after Duplancic and Brady, 1999). 
 
Table 1: Terminology and description of the regions of the conceptual model of the early stages of caving (Duplancic 
and Brady, 1999). 
Name Description 
Mobilised Zone This region consists of broken material, which collapsed into the void from the cave 
back and supports the walls of the cave. 
Air Gap This region refers to the void of the cave and develops as a function of the extraction 
rate of broken material from the caved zone along with progressive caving. 
Yielded Zone In this region large-scale displacement of rock occurs, which results in the loss of 
overlying rock mass support and seismic activity. This region approximately extends 
to 15 m from the boundary of the cave crown. 
Seismogenic Zone In this region, seismic activity is concentrated due to changing stress conditions 
resulting from the progressive undercut and cave development. 
Elastic Zone This region encases the seismogenic zone and is characterised by elastic deformation, 
which occurs in the rock mass surrounding the cave. 
 
2.3 Caving in BC 
A BC mine is subject to the basic caving mechanics (described above, 2.2). Due to the removal of 
broken (caved) material from the undercut via drawpoints (excavated area on the production level) 
caving is initiated in the cave back (Brown, 2003). Depending on the size and shape of the orebody, 
the production level may consist of multiple drawpoints (up to >200, e.g. Northparkes, New South 
Wales, Australia: 214 drawpoints (Brenchley et al., 2013)). In order to achieve sufficient ore 
recovery and cave establishment, the rate of material draw is regulated by draw control (Brown, 
2003). The caving rate is subject to the induced stresses in the cave back and the strength of the 
rock mass (Brown, 2003), which further relates to the design of the undercut (e.g. high undercut, 
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narrow undercut) (Ferguson, 1979; Laubscher, 2000). High undercuts were initially favoured as it 
was assumed that they have the advantage to limit the induced stresses and thus break the ore more 
easily (e.g. at  Northparkes E26 mine in New South Wales, Australia (Ferguson, 1979; Dawson, 
1995; Brown, 2003). However, narrow undercuts did not show the expected disadvantages and 
subsequently replaced high undercuts (Laubscher, 2000; Brown, 2003). Nonetheless, the strategy of 
undercutting the ore has a significant impact on inducing stresses in the cave back and thus effects 
the installations on the extraction level and cave propagation (Laubscher, 2000; Brown, 2003). The 
undercutting may alter between three different strategies: pre-, post- and advance undercutting 
(Brown, 2003). Pre-undercutting describes the strategy of developing the undercut level prior to the 
development of the extraction level. Hence, the construction of the extraction level commences in a 
de-stressed environment. However, an ore handling facility and drawbells must be installed, which 
may be subject to hang-ups. Increased stresses may occur due to the compaction of material 
previously blasted at the undercut. Consequently the start of production may be delayed (Brown, 
2003). Post-undercutting, also known as conventional undercutting, defines the strategy of 
developing the undercut after the underlying extraction level has been installed. The advantage of 
this strategy is that blasted material can be extracted more rapidly. However, the rock mass between 
the extraction level and the undercut may suffer from increased stresses, which leads to the need of 
installing reinforcements and rock supporting devices (Brown, 2003). Advance undercutting is a 
compromise between the pre- and post-undercutting strategy (Butcher, 2000) and defines the 
strategy of undercutting while the extraction level is developed (Brown, 2003). The direction of 
undercutting the ore is crucial for the success of the BC. Therefore, it is important to consider the 
shape of the orebody and the distribution of the ore, the in situ stresses and strength of the rock 
mass, as well as the in situ structures in the rock mass. The orientation of the structures may have a 
significant influence on the cave development and hence it is preferable to align the advancing 
undercut face with the strike of major structures (Brown, 2003). Excessive slow rates of 
undercutting may result in the compaction of the ore, especially of fine material. This may influence 
the material flow and extraction of ore (Brown, 2003). Hence, it is important to select the most 
suitable undercutting strategy for each orebody.  
After caving is initiated and continuous drawing maintained, the cave back progresses upwards 
through the overlying rock layers due to gravity or stress caving, until the surface is reached 
(Brown, 2003; Sainsbury et al., 2011; Woo et al., 2013). In order to maintain controlled drawing 
(mass removal) and cave development (Sainsbury et al., 2011), as well as preventing the 
establishment of self-supporting arches and hang-ups (Brown, 2003; Brady and Brown, 2004), it is 
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important to understand parameters such as block size distribution and mass movement to the 
drawpoints. A self-supporting arch refers to a stable arch formed by smaller blocks above the 
drawpoint, which interrupts the material flow, whereas a hang-up refers to a large block, which 
exceeds the dimension of the drawbell or drawpoint and thus cannot be extracted from the mine 
(Brown, 2003). Mobilised material within the draw column is subject to gravity-induced flow 
mechanisms, and is influenced by fragment size distribution, size-dependent migration rates, the 
degree of particle interlocking, internal arching, and compaction (Sharrock and Hashim, 2009; 
Brunton et al., 2016a). The strategy of undercutting the ore, the design of the extraction level 
(including drawpoints and drawbells), is dependent on the level of fragmentation of the rock mass 
and flowing characteristics. These aspects of the caving process are not well understood, even 
though the topic has been studied since the first development of caving methods (e.g. Lehman, 1916 
in Brown, 2003). Restricted access to operational sectors (e.g. caving zone, air gap, cave back, etc.) 
in underground mining prevents data collection and limits direct observations of the rock mass. 
Hence, verifying the conceptual model of caving, introduced by Duplancic and Brady (1999) (see 
section 2.2), remains challenging (Cumming-Potvin et al., 2016). Thus, empirical and numerical 
modelling is applied as an approach to understand the caving and flowing behaviour of a rock mass 
in BC. 
Extended research was conducted to enhance the predictability of caving. Rice (1934) and Panek 
(1984) developed one-dimensional volume based calculations to characterise the caving and 
bulking behaviour of rock masses, which are still used to estimate the propagation of caves (Beck et 
al., 2006). Later empirical models were implemented to predict the caving behaviour. Based on 
mine data collected around the world, Laubscher (1990, 1994) developed the most commonly used 
design chart to predict caving, which still governs industry standard practice (Sainsbury et al., 2011; 
Laubscher et al., 2017). However, based on reported cases, which showed differences between the 
proposed caving behaviour and actual outcome (Lorig et al., 1995; De Nicola Escobar and Fishwick 
Tapia, 2000; van As and Jeffrey, 2000), Trueman and Mawdesley (2003) developed alternate 
methods for caving predictability, which are based on Mathews’ stope stability chart (Mathews et 
al., 1981). Even though empirical models provide plausible and in some cases consistent outcomes, 
they are still limited and dependent on the datasets used for their development (Sainsbury et al., 
2011).  
Brown (2003) stated that numerical modelling could be a more reliable tool to create conceptual 
models for assessing the rock mass behaviour during caving and cave propagation. Scoping studies 
concluded that this method is the most powerful tool for cave analysis (Sainsbury et al., 2011). 
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Several numerical modelling methods are currently used for deformation analysis in geomechanics, 
such as the Boundary Element Method (BEM), Finite Element Method (FEM) and Discrete 
Element Method (DEM) (Sainsbury et al., 2011). These models are constantly enhanced to allow 
for more detailed description of the rock mass characteristics, such as Synthetic Rock Mass (SRM) 
Modelling (Pierce et al., 2006; Mas Ivars et al., 2008; 2011), to simulate a detailed Discrete 
Fracture Network (DFN) of an intact rock mass (Sainsbury et al., 2011). Additionally, empirical 
small scale experiments on gravels and sands with narrow particle size and shape distribution were 
performed to better understand the mechanisms controlling gravity flow in cave mining (Sharrock 
and Hashim, 2009).  
 
2.4 Gravity Flow in BC 
Previous researchers have studied the flowing characteristics of granular material for more than 100 
years (Sharrock, 2008). Kvapil (1964) developed a conceptual model of flow by introducing an 
ellipsoidal shape to represent the influence of material movement (Figure 4). This concept was then 
applied to numerous empirical experiments (e.g. Melo et al., 2008; Trueman et al., 2008) and 
introduced to numerical modelling (Pierce, 2010; Hancock, 2013).  
 
Figure 4: Sand model experiment indicating the ellipsoidal influence zone on gravity flow (Kvapil, 1964). Note: the 
progress of the experiment is documented from left to the right. 
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Kvapil (1964) executed sand model experiments on gravity flow with multiple openings (Figure 5). 
Results have shown that the gravity flow is influenced by the spacing between the openings. 
Subsequent research concluded that improved ore recovery could be achieved by operating 
multiple, closely spaced drawpoints (Marano, 1980; Heslop and Laubscher, 1981; Laubscher, 1994; 
2000; Vivanco et al., 2011). 
 
 
Figure 5: Sand model experiment on gravity flow with multiple openings (Kvapil, 1964). Note: the progress of the 
experiment is documented from left to the right. 
 
Laubscher (2000) designed a conceptual model of material movement in BC (Figure 6). As 
introduced by Kvapil (1964), each drawpoint is overlain by a draw zone; an ellipsoidal zone which 
is influenced by drawing from a drawpoint (Figure 6A) (Brown, 2003). The caved material within 
this zone reports to a specific drawpoint. However, the undercut is designed in a particular way, so 
that the draw zones of adjacent drawpoints overlap (Figure 6B) (Laubscher, 2000; Brown, 2003). 
Caved material, which would report to one specific drawpoint, may now be affected by a 
neighbouring draw zone and might report to a drawpoint some lateral distance away from its initial 
position. This phenomena is called interactive flow (Brown, 2003). The influence of draw zones is 
limited to a certain height within the caving zone, known as height of interaction zone (HIZ). Due 
to the loss of influence from drawing beyond the HIZ, the interactive flow will transform into one 
mass flow zone (Brown, 2003). The concept of mass flow defines uniform, vertical material 
movement with no horizontal or vertical mixing of particles (Laubscher, 2000; Brown, 2003). Here, 
the material movement is characterised by uniform subsidence, since the drawing rates do not 
influence the particle flow (Brown, 2003). In fact, the flowing rates of fine and coarse particles are 
considered to be equivalent (Laubscher, 2000). However, in a real scenario uniform subsidence is 
difficult to establish due to different rates of drawing. Due to hang-ups and larger blocks, higher 
porosity zones occur and enable fine material to flow, e.g. mud rush. 
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Figure 6: Conceptual model of material movement in BC. (A) One isolated drawpoint, (B) multiple, concurrently 
operating drawpoints. The draw column is represented by the elliptical shape on top of the drawpoint (Laubscher, 
2000). 
 
However, little is known about how well the predicted mechanisms of mass flow derived from 
small scale experiments and numerical modelling relate to operating BC (Sharrock and Hashim, 
2009; Hancock, 2013). Recent full scale marker trials on gravity flow in BC suggest a more 
complex flowing behaviour than expected (Power, 2004; Brunton et al., 2012; 2016b) and further 
show a discrepancy between the calculated and reported block size distribution at the draw points 
(Brunton et al., 2016b; 2016a). Hancock (2013) found that existing models did not adequately 
account for problems such as early dilution, migration of fines, mud rushes, and stress damage to 
the rock mass, and so adopted an alternative approach of studying the zone of influence above a 
single, isolated draw point using high-resolution DEM models. Results revealed a heterogeneous 
distribution and compaction of material across the zone of influence (Figure 7A), in contrast to the 
uniform increase in porosity predicted in models by Pierce et al. (2003). Additionally, Hancock 
(2013) showed increased bulking of the material along high porosity zones (Figure 7B). Empirical 
models of 2D sand flow experiments confirm Hancock’s results (Melo et al., 2008). 
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Figure 7: DEM models of an isolated drawpoint. (A) Zones of different porosity. (1) Zone of high porosity immediately 
above drawbell, (2) zone of low porosity in the centre of the draw column, (3) zone of high porosity at the outside 
margins. (B) Shear zones at the margins (red indicates high shear). The centre remains unbulked (blue) (Hancock, 
2013). 
 
These observations have significant implications in understanding caving behaviour in BC, 
particularly in terms of ore recovery. The high porosity margins (movement zones) of the subsiding 
rock mass grow faster than the dense, low porosity core. The more rapid upward propagation of the 
margins means that they reach the planned maximum cave height well before the dense centre. 
Accordingly, waste material overlying the low density zones may enter the cave, contributing to ore 
dilution (Hancock, 2013). 
Even though the understanding of caving and material flow in BC improved based on the results of 
numerical modelling, these simulations are limited by computing power and thus still rely on 
simplifications of the concept of caving (Hancock, 2013). The results from numerical modelling 
and small scale experiments are only theoretical and remain untested against field observations or 
full scale experiments with empirical evidence (Sharrock, 2008; Brunton et al., 2012). 
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2.5 The Role of Rock Mechanics in Caving 
2.5.1 Definition 
Rock mechanics refers to the mechanical behaviour of a rock mass and how it responds to applied 
forces (Cook et al., 1966). Deformation processes and fracturing have a direct impact of the stability 
of the rock mass and are important to consider in rock mechanics (Hoek, 1966). 
 
2.5.2 Discontinuities 
Discontinuities in a rock mass are discrete planes of lower strength (or cohesion) than the 
surrounding ‘intact’ rock (Palmström, 2001; Wyllie and Mah, 2004; Bell, 2007). Imposed stresses 
acting on a rock mass may trigger slip on existing discontinuities or cause new discontinuities to 
form (Wyllie and Mah, 2004). The overall behaviour of a rock mass is influenced by the collective 
response of the intact material and the discontinuities to the imposed stress (Mas Ivars et al., 2011). 
Discontinuities range in size from small fissure to huge faults (Bell, 2007; Price, 2009; Mas Ivars et 
al., 2011). The most common discontinuities in natural rocks are joints and bedding planes (Bell, 
2007). 
 
2.5.3 Joints 
Joints are fractures within the rock mass, which show little or no displacement and represent zones 
of lower strength in comparison to the surrounding material in which they are embedded, and thus 
form weak planes within the rock mass (ISRM, 1975; Bell, 2007; Price, 2009; Mas Ivars et al., 
2011). Joints running parallel to each other are defined as sets, whereas joint sets intersecting at a 
constant angle are called joint systems (Narr and Suppe, 1991; Bell, 2007). The spacing between the 
joint sets is relatively constant within a layer and proportional to its thickness (Bogdonov, 1947; 
Price, 1966). 
Joints in a rock mass have a great influence on the stability of the material, since the rock may fail 
along these predefined weak zones, which delineate the resulting size of the blocks (Palmström, 
2001; Wyllie and Mah, 2004). The size of the blocks has a fundamental influence on the mechanical 
performance of the rock mass under given stress conditions and is a very important parameter in the 
evaluation of the rock mass behaviour (Palmström, 2001; Bell, 2007). Therefore, the determination 
of the resulting block size and shape is often more important than the actual rock strength. To 
estimate the dimensions of resultant blocks it is important to know the orientation, persistency, and 
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spacing of the joint sets to address rock mechanical and engineering problems, as well as to assist in 
numerical modelling (Palmström, 2001; Price, 2009).  
 
2.5.4 Rock Strength 
As described above the behaviour of a jointed rock mass (e.g. brittleness, primary fragmentation) is 
strongly influenced by the in situ joint network in the material (Mas Ivars et al., 2011). The 
determination of the rock strength and the deformation characteristics are essential for mine design, 
safety issues and economical aspects. For the evaluation of the strength of an in situ rock mass, 
small field samples are tested in the laboratory (Bieniawski, 1968, 1978). However, the frequency 
of discontinuities in a sample is dependent on the size of the specimen (Bieniawski and Van 
Heerden, 1975). Thus, a small specimen has fewer joints and hence could be stronger than the 
actual rock mass from where it was taken (Bieniawski and Van Heerden, 1975; Bieniawski, 1978). 
Further the geometry of the joints and the mechanical properties influence the degree of reduction 
of the strength as well (Kulatilake et al., 2001). Therefore, upscaling from a small sample to the 
outcrop extent or field area from where it was taken is important to evaluate the true strength of the 
rock mass from a small sample (Bieniawski, 1968).  
Joints can affect the in situ block size of the rock mass in two different ways. On the one hand, if 
the joints of a rock mass abut against each other, the rock mass is divided into predefined blocks. In 
this case the rock mass is classified as discontinuous and the behaviour mainly controlled by 
interlocking of the delineated blocks. To initiate caving, no additional fracturing is necessary. On 
the other hand a rock mass is classified as continuous, if the joints of the in situ joint system 
terminate in massive rock and do not delineate blocks from the rock mass. In this case additional 
fracturing is needed to initiate caving (Mas Ivars et al., 2011). Therefore, it is important to 
understand the nature of the in situ joint systems, the size and persistence of the joints to accurately 
estimate the properties of a rock mass (Palmström, 2001).  
Another crucial factor determining rock strength is the orientation of the stress field with respect to 
the jointed rock mass. Certain stress direction could prevent the rock from failing, whereas others 
could initiate the caving process (Brown, 2003). The stresses in the in situ rock mass have a major 
influence on its behaviour and the deformation rate of the material (Bieniawski, 1978; Kaiser et al., 
2001; Mas Ivars et al., 2011). Changes in induced stresses resulting from mining operations may 
influence the stability of underground openings and could lead to gravity-induced failure along pre-
existing discontinuities (Kaiser et al., 2001).  
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Although the collection of sufficient data is challenging in a BC (Brady and Brown, 2004), due to 
limited exposure of the collapsed rock, improved knowledge of in situ jointing in a rock mass is 
required to accurately estimate its mechanical response to imposed stresses, and to improve 
prediction methodologies used for block caving (Mas Ivars et al., 2011). 
 
2.5.5 Rock Fragmentation 
In BC, it is important to understand the natural fragmentation of a rock mass to predict the 
fragmentation processes occurring in the draw column. A draw column refers to the vertical pipe-
like shaped pile of broken material above a drawpoint (Figure 6).  
Previously, several approaches were pursued to study the fragmentation of rock (Epstein, 1947; 
Allegre et al., 1982; Brown et al., 1983; Cheng and Redner, 1988; Scholz, 1990). The outcome of 
these studies showed that physical properties of rocks, such as fractures, discontinuities and joints, 
are scalable from small sample sizes to the outcrop or regional extent. This helped geologists to 
apply the knowledge to naturally faulted rock masses and to understand the mechanisms of 
brecciation, which generally describes the fragmentation of a solid rock into angular shaped 
fragments (Laznicka, 1988), an essential aspect in the process of caving.  
Brown (2003) divided the fragmentation processes into three types, formed in sequence; namely: in 
situ, primary and secondary. In situ fragmentation occurs naturally in the rock mass without any 
mining activity. Primary fragmentation occurs in the rock masses surrounding the cave back after 
the caving is initiated. Secondary fragmentation is defined as the fragmentation occurring in rock 
during the downwards movement through the draw column.  
The composition of the breccia, clast size, shape and angularity provides information about the 
fragmentation processes. Thus, the detailed analysis of the breccia fabric within SCBPs is a key 
aspect of this study and enhances the understanding of fragmentation processes operating in the 
subsidence column (cf. draw column), which cannot be observed in a BC mine.  
 
2.5.5.1 Prediction of rock fragmentation (case study: Brunton et al., 2016a) 
In BC, the fragment size distribution can have a significant impact on the design of the mine and 
operating strategies (Brown, 2003; Brunton et al., 2016a). Hence, for the success of the BC it is 
important to predict the fragment sizes reporting to the drawpoint (Brown, 2003). In BC, the 
generation and percolation of fine material has a significant impact on ore recovery (Brown, 2003) 
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and has been a common issue, with an underestimation of fines reporting to the drawpoints 
(Brunton et al. 2016a; 2016b). 
Brunton et al. (2016a) compared the predicted and measured fragmentation distribution at 
drawpoints of the Ridgeway Deeps and Cadia East cave operations in New South Wales, Australia. 
The deposit at Ridgeway Deeps is hosted in volcanics and sediments, whereas the deposit at Cadia 
East is hosted in volcanics. The two main findings were that the predicted size distribution for 
coarser material matched the measured fragment size, whereas an underestimation of finer material 
occurred. This showed that in both cases the fragmentation modelling failed to predict the 
percentage of fine material (Brunton et al., 2016a).  
In summary the results of fragmentation distribution for the Ridgeway Deeps volcanics showed a 
good correlation between the predicted and measured fragment sizes above 1 m3 (20 m draw 
height), whereas  significantly more fine material reported to the drawpoint than predicted for the 
same draw height (20 m). For a draw height of 70 m, a good correlation between fragment sizes 
above 3 m3 was established, whereas the material smaller than 3 m3 was underestimated. The results 
from the sediments showed a good correlation between the predicted and measured fragment sizes 
above 0.5 m3, whereas the finer material below 0.5 m3 was significantly smaller than predicted. 
From a draw height of 75 m, the material above 1 m3 showed a good correlation between prediction 
and measurement, whereas significantly more fine material below 1 m3 reported to the drawpoint.  
The results from the fragmentation distribution of the Cadia East volcanics showed a good 
correlation between the predicted and measured fragment sizes above 4 m3 for a draw height of 50 
to 75 m, whereas the material below 4 m3 was significantly higher than predicted (Brunton et al., 
2016a). 
 
 
 
2.6 Breccia 
2.6.1 Definition 
A breccia is a coarse-grained clastic rock dominated by angular rock fragments with a matrix of 
finely comminuted rock or hydrothermal cement (MacDonald et al., 2003). The angularity of clasts 
implies minimal abrasion (thus limited transport) prior to lithification (Whitten and Brooks, 1972; 
MacDonald et al., 2003).  The formation of breccias can result from a range of physical and 
physiochemical processes, including gravity (driven by static energy, such as vertical fall/collapse, 
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downslope transport), dynamic processes (e.g. earthquakes, explosions, etc.), low duration 
processes (hydraulic- and strain-controlled), volume changes (e.g. shrinkage, expansion, etc.), 
chemical processes (e.g. solution, corrosion, etc.), and biological processes (e.g. bioerosion, 
bioturbation, etc.) (Laznicka, 1988; Jébrak, 1997). 
 
2.6.2 Types of Breccia Texture 
Depending on the degree of brecciation and displacement between the clasts, as well as amount of 
matrix material (e.g. matrix-supported, clast-supported) present, breccias can be distinguished into 
different end members (Loucks, 1999). Gautier (1986) and Loucks (1999, 2007) distinguished 
between crackle, mosaic and rubble/chaotic breccia (Table 2). Loucks (1999) proposed a diagram to 
describe cave-sediments and breccias in terms of their degree of brecciation and amount of matrix 
material (Figure 8). 
 
Table 2: Terminology of breccias after Gautier (1986) and Loucks (1999, 2007). 
Name Description 
Crackle Breccia Highly fractured in situ rocks, which only show thin fractures with no or only minor 
noticeable displacement separating the different clasts from each other 
Mosaic breccia During this stage, some matrix penetrates the fractures between the clasts and causes 
more displacement. However, the clasts can still be easily fitted back together to their pre-
brecciation form 
Chaotic / rubble 
breccia 
Breccia composed of clasts showing strong displacement and are cemented within a 
matrix. The different clasts are well mixed and do not have any association with their 
neighbouring fragments. This type of breccia is very prominent in collapsed or 
transportation systems like fluvial or density-flow deposits. It can be further separated 
into matrix-free, clast supported and matrix supported breccias 
 
23 
 
 
Figure 8: Cave-sediment and breccias can be separated into three major types of breccia: crackle breccia, chaotic 
breccia, and cave-sediment fill (modified after Loucks, 1999). 
 
2.6.3 Different Processes of Forming the Collapse 
This study seeks to understand the nature of breccias, which formed due to collapsing mechanisms 
and is particularly focused on collapse breccias, which are followed by upward stoping processes. 
Stoping occurs as a result of void generation (e.g. mining or shrinkage of the orebody caused by 
oxidation) in the subsurface, which then causes the roof of the cave to fail by caving mechanisms 
due to increased gravitational forces (Locke, 1926). Laznicka (1988) describes many different 
settings and processes that lead to the generation of a subterranean void, which eventually cause the 
collapse of the overlying strata and the formation of a collapse breccia body. The different settings, 
the nature of the voids, and the types of breccia formed are summarised in Table 3. Stoping or 
upward progression of the collapse system is caused by dissolution of carbonates and other water 
soluble rocks, dissolution of water insoluble rocks by corrosive hydrothermal fluids, subterranean 
piping, oxidation, hydrothermal explosion (low depths) or exsolution of vapour from magma (Table 
3) (Laznicka, 1988). 
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Table 3: Void-generating processes associated with collapse brecciation (Laznicka, 1988). 
Setting / process Nature of void Collapse brecciation Example, Reference 
Dissolution of water-soluble 
evaporate, usually entire 
lithosomes are leached without 
rest 
Empty counterpart of 
sedimentation bed or 
halokinematic structure; 
alternatively, void substituted by 
gradual strata subsidence 
Short vertical foundering and 
crackle to mosaic brecciation of 
overlying bedded sediments 
resulted in stratabound brecciation 
sheets; more complex  brecciation 
result from collapse into sub-
vertical spaces 
English Zechstein (Smith, 1972); 
Ms Madison Gr., Montana 
(Middleton, 1961); D3 Leduc Fm. 
Alberta (Stanton, 1966) 
Dissolution of rock carbonates 
in the subsurface 
(a) groundwater 
Voids circular in plan, cone or 
bell-shaped in cross-section, 
lacking rim rocks (“circles”) 
Filled by angular debris, derived 
by collapse of wall and roof rocks 
without matrix, or in residual clay 
Mississippi River Basin (Bretz, 
1950) 
(b) By hydrothermal fluids 
(hydrothermal karst) 
Variable voids, usually fault, 
fracture or joint controlled 
As above, common hydrothermal 
alteration, cementation, metallic 
mineralization 
Tr “Ore Dolomite”’ Krakow-
Silesia; (Bogacz et al., 1973) 
Dissolution of water insoluble 
rocks by corrosive hydrothermal 
fluids 
Chimneys, pipes, irregular bodies Fill derived by roof and walls, 
collapse; jumbled angular 
fragments from centimetre to 
metre scale considerable inter-
fragment open space 
(Sillitoe and Sawkins, 1971; 
Sawkins, 1977; Metz et al., 1985) 
Glacial thermokarst, melting 
cavities in glaciers 
Openings caused by partial 
melting of glacier, permafrost ice 
or by subglacial stream erosion 
Roof collapses common, but pure 
ice melts away and is not 
preserved, but englacial rock 
debris can temporarily accumulate 
although most is subsequently 
added to till and unrecognizable in 
the geological record 
(Halliday, 1960) 
Subterranean piping (grain to 
grain removal by water flow) 
Tubes, caves, pipes controlled by 
fault contacts 
Collapse rubble due to roof 
spalling or collapse 
(Parker et al., 1964) 
Volume shrinkage due to natural 
burning of coal seams or oil 
shale 
Gradual foundering as the void 
proceeds; stratabound zone of 
porous clinker topped by baked 
sediments and underlain by 
thermally unmetamorphosed 
footwall 
Crackle to rubble brecciation of 
baked shale, porcellanite, etc. 
grades into brecciation of baked 
sedimentation in matrix of porous 
clinker 
Gascoyne, N.D.; Wyodak and 
Buffalo Wyo.; Tusimice, 
Czechoslovakia, etc.; (Laznicka, 
1988)  
Oxidation, decomposition, 
shrinkage of sulphide bodies 
Irregular pseudomorphic shape 
after orebody or enlarged by 
partial dissolution of enclosing 
rocks; pipes, veins 
Variety of brecciation, angular, 
chaotic, frags mostly insoluble 
residue (chert, jasperoid) in 
hematite, goethite, gypsum, etc. 
matrix 
Bisbee, Arizona; Kyshtym, Tuba 
U.S.S.R. (Locke, 1926) 
Lava caverns, tubes, caves Cavities formed by cessation or 
interruption of lava flows 
Collapse brecciation formed by 
partial roof spalling or complete 
collapse 
Columbia R.Basalt, Idaho 
(Halliday, 1960; Cigolini et al., 
1984) 
Voids under volcanic systems 
produced by evacuation of 
magma, followed by e.g. caldera 
collapse 
Variable void, irregular 
corresponding to upper part of 
former magma chamber 
Variety of brecciation, mostly 
transitional or interspersed with 
non-breccias are related to caldera 
collapse 
San Juan Mts., Yellowstone; 
(Lipman, 1976; Christiansen, 
1984) 
Hydrothermal  (vapour) 
explosions 
Pipes, chimneys, irregular bodies 
in intrusive roofs 
Partly filled by gravity collapsed 
and spalled ceiling and wall-rocks 
Washington Pipe, Mex., 
(Simmons and Sawkins, 1983) 
Exsolution of vapour from 
magma 
Pipes, ball-like voids, original 
filled by magmatic water exsolved 
from rising pluton in its apical 
region 
Brecciation initiated by 
piercement of void followed by 
fluid loss, buckling of walls, stope 
caving 
Santa Rita, N.M.; Sungei Besi, 
Mal. (Norton and Cathles, 1973) 
 
 
2.7 Breccia Pipes 
A breccia pipe is a vertical to steeply inclined straight or crooked funnel, column, cone or chimney. 
The pipes are generally discordant to bedding (Laznicka, 1988) and filled by brecciated material. 
Several researchers have studied breccia pipes hosted in a variety of rock types, and by a range of 
mechanisms (e.g. Locke, 1926; Parker et al., 1964; Sillitoe and Sawkins, 1971; Simmons and 
Sawkins, 1983; Porter and Ripley, 1985; Wenrich, 1985; Baker et al., 1986; Billingsley et al., 
2007a). 
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Locke (1926) described in great detail the formation of orebodies associated with breccia pipes in 
Sonora (Mexico) and Arizona (USA), and introduced the concept of upward stoping as a formation 
mechanisms of breccia pipes. Later, Sillitoe and Sawkins (1971) studied breccia pipes in Chile, 
which are associated with magmatic-hydrothermal processes. The authors described in detail the 
composition of the breccia pipe and clast orientation. It was noted that some pipes host tabular 
fragments, which are orientated sub-horizontally towards the centre of the pipe with increasing dip 
towards the pipe margin. At the margin, the dip reverses and the fragments are oriented 
approximately parallel to the vertical developed pipe margin (Figure 9). The pipe margin is 
characterised by a sheeted zone with vertically developed fractures, sharply demarcating the host-
rock from the breccia body (Sillitoe and Sawkins, 1971). The tabular fragments are not related to 
the in situ jointing or bedding in the host rock. It is suggested that these fragments occurred from 
breakage and detachment as fragments from the sheeted zone (Sillitoe and Sawkins, 1971). 
The development of the pipes on the Colorado Plateau, USA, is associated with dissolution of 
soluble rocks in a limestone layer (Redwall Limestone) in the subsurface (Wenrich, 1985; Wenrich 
et al., 1986; Billingsley et al., 1999). Taylor and Pollard (1993) concluded that collapse breccia 
pipes in limestone environments show textural characteristics that are similar to those observed in 
the broken material of stopes and rock piles. For this reason and due to the well-exposed examples 
in the walls of the Grand Canyon, the breccia pipes on the Colorado Plateau were studied.  
 
 
Figure 9: Interpretation cartoon of the sheeted zone and orientation of tabular fragments within the pipe (Sillitoe and 
Sawkins, 1971). 
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2.8 Breccia Pipes on the Colorado Plateau 
2.8.1 Introduction 
The Colorado Plateau of the south-western USA (Figure 10) hosts thousands of collapsed 
structures, karst features and SCBPs (Huntoon et al., 1981, 1982; Wenrich et al., 1986; Sutphin and 
Wenrich, 1989; 1997; Billingsley et al., 1999; Brown and Billingsley, 2010). This study particularly 
focuses on breccia pipes which were initially formed due to dissolution within the Redwall 
Limestone (Billingsley et al., 1999). The term SCBP therefore implies the origin and triggering 
mechanism of the formation of these systems. Other clastic pipes across the Colorado Plateau, 
which may also contain brecciated material, have been discussed by Netoff (2002) and Wheatley et 
al. (2016). These clastic pipes result from liquefaction and fluidisation and were possibly activated 
by seismic events (Obermeier, 1996; Owen and Moretti, 2011; Wheatley et al., 2016). SCBPs show 
no intrusive or volcanic associations with the pipes (Wenrich, 1985; Wenrich et al., 1986, 1990; 
Wenrich and Titley, 2008; Alpine and Brown, 2010) and no evidence of an upward movement has 
been detected for the clasts of the broken rock (Wenrich et al., 1990). Therefore, this study 
investigates breccia pipes that were formed from gravity controlled subsidence and dissolution 
mechanisms. These pipes extend vertically from the Redwall Limestone into the overlying 
sedimentary layers, are as much as 1,300 m high, up to 100 m in diameter, and roughly circular in 
shape (Wenrich et al., 1986; Wenrich and Titley, 2008; Spencer and Wenrich, 2011). The initial 
interest in breccia pipes on the Colorado Plateau was triggered by the discovery of metallic minerals 
(e.g. copper, silver, gold etc.) within these systems in the late 1900s (Wenrich and Titley, 2008; 
Dahlkamp, 2010). In 1951, uranium was first recognised in these pipes and mining ensued 
(Chenoweth, 1986; Wenrich and Titley, 2008; Dahlkamp, 2010). Wenrich and Sutphin (1989) 
identified the general aspects of the paragenetic sequence which resulted in several mineralisation 
phases, such as sulphides (reducing environment), uraninite (redox environment) and supergene 
minerals (oxidising environment). The fluctuating water table caused several mineralisation events, 
such as iron oxide, calcite, or replacement of limestone with gypsum in the Grand Canyon caves 
(Hill et al., 2001). 
Previous research on the southern Colorado Plateau (northern Arizona) determined that the majority 
of the collapse features occur in clusters and are aligned parallel or perpendicular to the major local 
northeast- and northwest-trending fault and lineament system (McLain, 1965; Eastwood, 1974; 
Shoemaker et al., 1978; Sutphin and Wenrich, 1983; Wenrich et al., 1986; Wheeler, 1986; Sutphin 
and Wenrich, 1988). The caverns of the paleokarst system in the Redwall Limestone are structurally 
controlled and developed parallel and perpendicular to the local fault system and major joint 
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intersections (Huntoon, 1970, 1981a; Hill and Polyak, 2010). SCBPs form due to the collapse of 
these caverns, and hence their location follows the same trend (Sutphin and Wenrich, 1988).  
 
 
Figure 10: Map of the U.S.A. (Google Maps) showing the location of the Colorado Plateau province (Foos, 1999, after 
Hunt, 1956). The red square illustrates the approximate field area (see Figure 11). 
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2.8.2 Geological Setting 
The Colorado Plateau in south-west North America covers an area of about 337,000 km2 across 
northern Arizona, south-east Utah, south-western Colorado and north-western New Mexico (Figure 
10) (Hunt, 1956; Morgan and Swanberg, 1985; Foos, 1999; Roden and Shimizu, 2000). It is formed 
by a Precambrian intracontinental block of Proterozoic sediments and crystalline basements rocks, 
which are buried beneath horizontally bedded to mildly folded Palaeozoic and Mesozoic sediments 
(Figure 11 and Figure 12) (Roden and Shimizu, 2000; Sommer et al., 2012).  The basement rocks 
were formed between 1.4 and 1.71 billion years ago (Ga) (Karlstrom et al., 2012). During the 
Precambrian (from 1.71 to 1.68 Ga) north-south compressional events caused NW-SE horizontal 
compressive stresses, which resulted in the development of NW and NE-trending foliations in the 
basement rocks and set the dominant trend of subsequent deformation resulting in the present 
fracture network of the Colorado Plateau (Foos, 1999; Karlstrom et al., 2012; Timmons and 
Karlstrom, 2012). The Grand Canyon Supergroup, a sequence of sedimentary layers, was deposited 
sometime between 1.3 to 1.1 Ga (Mesoproterozoic) and 1.1 to 0.8 Ga (Neoproterozoic) on an 
erosional surface on top of the basement rocks (Timmons et al., 2003; Karlstrom and Timmons, 
2012). This unconformity and the overlying sedimentary layers were then tilted during extensional 
events prior to the deposition of the overlying Tapeat Sandstones (0.55 Ga) (Timmons et al., 2003; 
Dehler et al., 2012). During subsequent tectonic events through Cambrian to Mississippian, the 
Colorado Plateau remained relatively stable and only experienced minor volcanism and deformation 
events (Morgan and Swanberg, 1985; Foos, 1999; Gilbert, 2007; Sommer et al., 2012). Sedimentary 
rock layers, which form the upper strata of the Grand Canyon, were horizontally deposited between 
525 and 270 Ma (Karlstrom and Timmons, 2012). However, transgression and regression of the 
global sea level caused erosion of Middle to Upper Ordovician and Silurian rocks and these events 
were recorded in the development of unconformities (Morgan and Swanberg, 1985; Foos, 1999).  
During the Late Cretaceous into the Eocene, the Laramide Orogeny caused regional uplift and the 
formation of mountain ranges (e.g. Rocky Mountains) (Dickinson and Snyder, 1978; Bird, 1984; 
Foos, 1999; English et al., 2003; Humphreys et al., 2003; Flowers et al., 2008; Liu and Gurnis, 
2010). During the Eocene the erosion of the surrounding mountain ranges deposited sediments on 
the plateau and buried the structures of the Laramide Orogeny (Foos, 1999). The uplift of the 
plateau continued over the last 5 Ma; the present drainage system was established and began to 
incise the Phanerozoic strata (Morgan and Swanberg, 1985; Foos, 1999; Flowers et al., 2008; Liu 
and Gurnis, 2010). 
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The plateau is intersected by NW and NE-trending faults and north-trending monoclines (Huntoon, 
1989). During the Precambrian (from 1.71 to 1.68 Ga) north-south compressional events caused 
NW-SE horizontal compressive stresses, which resulted in the development of NW and NE-
trending foliations in the basement rocks and set the dominant trend of the present fracture network 
of the Colorado Plateau (Foos, 1999; Karlstrom et al., 2012; Timmons and Karlstrom, 2012). 
During the Pennsylvanian to Triassic, compressional events caused the reactivation of north-
trending basement faults as reverse faults (Foos, 1999; Gilbert et al., 2007). The overlying 
Phanerozoic rocks responded by developing east-dipping monoclines (Huntoon, 1989). Huntoon 
(1981b) proposed a horizontal orientation for the maximum principal stress regime during this 
period. East-west extensional events during Late Cenozoic reactivated these pre-existing faults as 
normal faults (Huntoon, 1989).  
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Figure 11: Geological map of the field area (south-western Colorado Plateau). Coloured dots represent the location of 
the case studies of this research. Yellow dots: SCBPs which are well exposed in the canyon walls; green dots: sinkholes 
exposed on the surface; orange dots: solution caverns; blue dots: U-mineralised SCBPs, which were mined. The map 
was created after Billingsley (2000a), Billingsley and Workman (2000), Billingsley and Wellmeyer (2003), Sable and 
Hereford (2004a), Billingsley et al., (2006a; 2006b; 2007b, 2008), DeWitt et al., (2008), Billingsley et al., (2012). 
Please refer to Appendices: AI.1 for the abbreviation of the units. No geological information is presented for the white 
shapes. 
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2.8.2.1 Stratigraphy 
The following section about the stratigraphy of the Colorado Plateau describes the sedimentary 
formations that are exposed in the Grand Canyon (Figure 12). SCBPs originate the Redwall 
Limestone (Mississippian) and propagate upwards into younger formations. The surface bedrocks 
are formed by the Kaibab Formation for the greatest part of the area (Figure 11). Locally, there are 
isolated exposures of younger formations (e.g. Moenkopi Formation). Figure 12 gives an overview 
of the stratigraphy of the Grand Canyon and Table 4 describes the sedimentary formations (after 
Billingsley et al., 2007a): 
 
 
 
Figure 12: Stratigraphic column of the Grand Canyon. The SCBPs originate in the Redwall Limestone and propagate 
upwards through the overlying Phanerozoic units (modified after Hunt, 1956). 
 
Table 4: Stratigraphy of the sedimentary units affected by the formation of SCBPs of the Colorado Plateau (modified 
after Billingsley et al., 2007a). 
Period Stratigraphic Unit Description 
Tr
ia
ss
ic
 
Upper 
Triassic Chinle Formation 
Undivided, includes the Shinarump Member and sandstone and siltstone member, undivided, 
the Petrified Forest Member and the Owl Rock Member (Repenning et al., 1969). 
Middle 
Triassic Moenkopi 
Formation 
Undivided, includes the Wupatki Member, the Shnabkaib Member, a lower massive 
sandstone member, and the Holbrook and Moqui members (ascending order). It is a slope-
forming unit of red, fine-grained, thinly bedded, shaly siltstone and sandstone. 
Unconformably overlies the Kaibab Formation and thins eastwards. 
Lower 
Triassic 
Pe
rm
ia
n 
Lower 
Permian Kaibab Formation 
Undivided, includes the Fossil Mountain Member in the lower part and the Harrisburg 
Member in the upper part (Sorauf and Billingsley, 1991). It is a cliff-forming unit of grey to 
light brown, calcareous sandstone and sandy limestone. The Kaibab Formation forms the 
surface bedrock for the greatest part of the Colorado Plateau and gradually thins south-
eastwards. 
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Toroweap 
Formation 
 
Undivided, composed of the Seligman, Brady Canyon and Woods Ranch members 
(ascending order). The unit thins eastwards and is subject to a substantial change in the 
facies from west to east. The slope-forming, lower sandstone, middle limestone ledge and 
upper gypsiferous siltstone becomes an indistinguishable cliff unit of calcareous sandstone 
and sandy limestone in the Little Colorado River Gorge, which makes the members 
indistinguishable from each other.  
Coconino 
Sandstone 
A cliff-forming unit of white, fine-grained, well-sorted, cross-bedded quartz sandstone. The 
prominent sandstone cliffs can be seen in the Grand Canyon and Little Colorado River 
Gorge. Unconformably overlies the Hermit Formation, thins slightly to the east and forms an 
important ground water bearing unit. 
Hermit Formation 
 
A slope-forming unit of red, fine-grained, thinly bedded siltstone and sandstone. In the Little 
Colorado River Gorge, the upper part includes low angle cross-bedded calcareous sandstone 
and siltstone beds. Further, the sandstone is slightly bleached to a yellow to white colour at 
the contact to the overlying Coconino Sandstone. The unit thins to the south and east of the 
Grand Canyon and unconformably overlies the Esplanade Sandstone. Thin bedded siltstones 
of the Hermit formation fill the deeply eroded channels in the Grand Canyon area 
(Billingsley, 2000b). 
Su
pa
i G
ro
up
 
Esplanade 
Sandstone 
A cliff-forming unit of red to grey, cross-stratified, fine to medium grained, medium to 
thick- bedded, calcareous sandstone. Above and below the main cliff forming sandstone, the 
unit consists of slope-forming, red to brown siltstone. Unconformably overlies the 
Wescogame Formation, which is marked by erosion channels. 
Ca
rb
on
ife
ro
us
 
Pe
nn
sy
lv
an
ia
n 
Upper Wescogame Formation 
An upper slope and lower cliff-forming unit. The upper slope consists of red, fine-grained 
siltstone and mudstone, which are interbedded with coarser grained, calcareous sandstone 
and dolomitic sandstone, siltstone, mudstone and conglomerate. The lower cliff is formed by 
red to grey, cross-bedded sandstone. Unconformably overlies the Manakacha Formation and 
forms erosion channels filled with limestone and chert conglomerate. 
Middle Manakacha Formation 
A slope-forming unit of red to grey sandstone, calcareous sandstone, siltstone and limestone. 
The upper slope is composed of shaly siltstone and mudstone interbedded with thinly bedded 
limestone and sandstone. The lower slope consists of grey to red, medium to thick, cross-
bedded calcareous sandstone, dolomite and sandy limestone. The carbonate content 
increases westwards resulting in numerous limestone ledges. Unconformably overlies the 
Watahomigi Formation. 
Lower 
Watahomigi 
Formation 
A slope-forming unit of grey to purple-red, limestone, siltstone, mudstone and 
conglomerates. The upper slope consists of grey, thinly bedded ledges of cherty limestone, 
which is interbedded with purple to grey siltstone and mudstones. The lower slope consists 
of purple to red mudstone and siltstone and is interbedded with thin-bedded limestone in the 
upper part. Locally the unit fills small erosion channels in the Redwall Limestone or 
Surprise Canyon Formation. 
M
iss
iss
ip
pi
an
 Upper Surprise Canyon 
Formation 
Consists of a dark red to brown siltstone and sandstone. In the lower part, the unit is 
interbedded with chert conglomerate and hematitic quartz sandstone. In the upper part, it 
consists of thin-bedded, cliff-forming, yellowish-grey, crystalline limestone and grey 
conglomeratic limestone. Unit is deposited within palaeocaves and -valleys, which are 
eroded into the Redwall Limestone. 
Redwall Limestone 
Undivided, includes the Whitmore Wash, Thunder Springs, Mooney Falls and Horseshoe 
Mesa members (ascending order) (defined by McKee, 1963; McKee and Gutschick, 1969). 
A cliff-forming unit of red to grey, thin to thickly bedded, fine to coarse-grained, 
fossiliferous limestone and dolomite. The formation is well exposed as a cliff in the Grand 
Canyon area but only the upper part crops out in the Little Colorado River Gorge. Unit 
overlies the Temple Butte Formation and thins eastwards in the subsurface. Locally the 
Temple Butte Formation is missing and therefore the unit directly overlies the Muav 
Limestone. It is an important aquifer promoted by the solution caverns and joint systems. 
Lower 
D
ev
on
ia
n Upper 
Devonian Temple Butte 
Formation 
Unconformably overlies the Muav Limestone and thins eastwards. A ledge-forming unit of 
purple to grey dolomite, sandy dolomite, sandstone, mudstone and limestone (Beus, 2003). 
Due to erosion some purple to grey, fine to coarse grained, thin to medium-bedded, ripple-
laminated ledges of mudstone, sandstone, dolomite and conglomerate fill channels in the 
Muav Limestone. 
Middle 
Devonian 
Ca
m
br
ia
n 
Middle 
Cambrian 
Muav Limestone 
Formation 
Consists of mottled grey to purple, fine to medium-grained, thin to thickly bedded, 
fossiliferous, silty limestone, limestone, dolomite and calcareous mudstone. It forms series 
of alternating slopes and cliffs and progressively thins from the west to the east in the 
subsurface. 
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2.8.3 Formation of a Solution Collapse Breccia Pipe 
SCBPs in the Grand Canyon initially form by the dissolution of soluble rocks the Redwall 
Limestone and development of an extensive cave system (Wenrich, 1985; Wenrich et al., 1986; 
Billingsley et al., 1999). During the Late Mississippian, the Redwall Limestone was exposed as a 
surface of low relief and formed an extensive karst terrain. This was characterised by dissolution 
and underground drainage that caused the formation of sinkholes and caves. In several localities 
throughout the Grand Canyon area, erosional palaeovalleys and karstic caves within the Redwall 
Limestone are filled with sediments of the overlying Surprise Canyon Formation (Wenrich, 1985; 
Wenrich and Sutphin, 1988; Billingsley and Beus, 1999; Billingsley et al., 1999). 
The karstic terrain enabled groundwater to flow through the Redwall Limestone, which became an 
aquifer (Huntoon, 1996). Mixing waters with antithetic contents of CO2 and H2S caused progressive 
dissolution of more limestone and formation of caverns (Figure 13A) (Wenrich et al., 1986; 
Wenrich and Sutphin, 1988; Huntoon, 1996; Billingsley et al., 1999; Hill and Polyak, 2010; 
Spencer and Wenrich, 2011). At various times, the ceiling of caverns would fail, and the overlying 
strata collapse into the void (Figure 13B) (Wenrich et al., 1990; Wenrich and Titley, 2008; Alpine 
and Brown, 2010). Due to the strong hydraulic gradient in the aquifer of the Redwall Limestone, the 
water ascended into the overlying rock units and dissolved the carbonates and evaporates, which 
caused the non-soluble rock to further collapse into the void (Hill and Polyak, 2010). The initial 
collapse event was then followed by progressive upward stoping from the Redwall Limestone 
through the overlying formations, finally resulting in a pipelike structure filled with angular to 
rounded fragments of broken rock (Figure 13C) (Locke, 1926; Wenrich et al., 1986; Wenrich and 
Sutphin, 1988; Wenrich et al., 1990; Billingsley et al., 1999; Alpine and Brown, 2010). The stoping 
process proceeded mainly upwards due to the support of the floor and side walls by the broken 
rocks and the gravitational collapse of the overlying rock layers (Locke, 1926; Wenrich and 
Sutphin, 1988).  
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Figure 13: Schematic formation of an SCBP on the Colorado Plateau. (A) SCBP initially form by the dissolution of 
limestone and the development of a cave system, (B) Eventually the ceiling of a cavern would fail  and the overlying 
strata  collapse into the void, (C) Further dissolution of material causes an upward stoping process through the overlying 
formations resulting in a pipe-like structure filled with angular to rounded fragments of rocks, (D) The collapse is also 
accompanied by brittle and ductile deformation in the surrounding rocks and can  cause subsidence on the surface. A 
sharp contact zone between the pipe and wall-rocks is created and characterised by a sheeted zone with concentric, near 
vertical ring fractures, and steeply inward dipping strata (modified after Wenrich and Sutphin, 1988). 
 
The resulting pipe column abuts against horizontally bedded rocks (Wenrich, 1985; Van Gosen et 
al., 1989; Alpine and Brown, 2010). The collapse is also accompanied by brittle and ductile 
deformation in the surrounding rocks and can cause subsidence on the surface. A sharp contact zone 
between the fragmented material and undeformed wall-rock is created and characterised by a 
sheeted zone with concentric, near vertical ring fractures and steeply inward dipping strata that 
A B 
C D 
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separates the breccia pipe from the enclosing rocks (Figure 13D) (Sillitoe and Sawkins, 1971; 
Wenrich, 1985; Alpine and Brown, 2010). After the development of an SCBP different elements 
were brought into the system due to changes of the potentiometric surface level (Hill and Polyak, 
2010). Some SCBPs contain concentrations of uranium, copper, silver, lead, zinc, cobalt and nickel 
(Wenrich, 1985; Wenrich et al., 1989; Finch et al., 1992). 
All clasts of the failed rock moved downwards from their initial (in situ) stratigraphic position in the 
pipe wall. No fragments have ever been found above their original stratigraphic level (Wenrich, 
1985; Wenrich and Sutphin, 1988; Alpine and Brown, 2010). Further, no clast derived from strata 
younger than Triassic in age has been observed in any breccia pipe (Wenrich et al., 1986; Wenrich 
and Sutphin, 1988; Alpine and Brown, 2010), even though strata of this age has already been 
eroded off most of the Colorado Plateau (Wenrich and Sutphin, 1988). No pipes have been detected 
in units below the Redwall Limestone (Huntoon et al., 1981, 1982; Billingsley and Huntoon, 1983; 
Wenrich, 1985; Wenrich et al., 1986). Therefore, the formation of the breccia pipes of the Colorado 
Plateau began during Late Mississippian and continued into the Triassic, or there was a hiatus after 
the Mississippian with reactivation in the Triassic (Wenrich et al., 1986; Wenrich and Sutphin, 
1988; Spencer and Wenrich, 2011). 
 
2.8.4 Surface Expression 
The exposure of an SCBP is controlled by the topography and erosion of the stratigraphy. The 
expression of the pipes on the topographic surface of the plateau can be as a shallow structural basin 
of up to 800 m in diameter, with inward dipping strata, and are many times larger than the actual 
diameter of the brecciated core itself (Wenrich et al., 1986; Wenrich and Sutphin, 1988; Alpine and 
Brown, 2010). The surface depression may be enhanced by the dissolution of gypsum within the 
Harrisburg Member of the Kaibab Limestone (Table 4) (Billingsley, 1992). These depressions 
enhanced the movement of diagenetic fluids on the surface and pipe surroundings. Oxidising 
environments caused the alteration of the host-rock, which were ‘bleached’ from red to a 
greyish/white material (Bowles, 1977; Dahlkamp, 2010; Wheatley and Chan, 2013). Analyses show 
that the bleaching is the result of a decrease in Fe2O3, a change in FeO and an increase in CaCO3 
(Davidson and Kerr, 1966). The bleaching causes alteration halos on the surface, which were 
previously used for the identification of potential SCBP by aerial surface examinations (Billingsley, 
1992). 
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Due to the uplift and incision of the plateau by the modern drainage system (Foos, 1999), many 
SCBPs are exposed in the canyon walls (Figure 14A and B). These pipes have been exhumed by 
recent erosion (Wenrich et al., 1986). Some pipes are exhumed around the ring fracture and exposed 
as erosion pinnacles (Figure 14C and D) (Wenrich and Titley, 2008). Many hundred more pipes are 
suspected to exist, but show little expression or never broke through the surface, and therefore 
remained unnoticed in the subsurface (Alpine and Brown, 2010; Spencer and Wenrich, 2011). 
 
Figure 14: (A) The Eagle Pipe is exposed in the western part of the Grand Canyon, (B) Navajo Pipe is located in the 
Little Colorado River Gorge, a side branch of the Grand Canyon, (C) the Carbonate Pipe outcrops in the central part of 
the Grand Canyon as a prominent erosion pinnacle, (D) the Kaibab Pipe is another example of an erosion feature 
exposed as a pinnacle in the central part of the Grand Canyon. 
 
 
 
 
 
 
 
 
 
A B 
C D 
     150 m      100 m 
     50 m      10 m 
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These exposures provide unique opportunities to study these systems in terms of their lithological 
and structural characteristics and to better understand the interplay between those parameters. 
Several exposures across a wide stratigraphic range provide a better understanding of the 
characteristics in each unit. Due to the integration of key observations across several case studies, 
an improved conclusion regarding pipe formation, failure mechanisms and fragmentation processes 
may become evident. 
 
2.9 Sinkholes 
Some fieldwork has been conducted on sinkholes as means of possible understanding of the rock 
failure and original surface expression of SCBPs. If an SCBP propagates upwards and intersects the 
surface, a sinkhole is formed (e.g. Devils Kitchen, see section: 4.4.1). In general, sinkholes are 
defined as enclosed depressions of the surface, which resulted from void generation in the 
subsurface due to chemical dissolution or mechanical erosion (Waltham et al., 2005; Parise, 2010). 
Sinkholes can be subdivided into two classes: (1) solution sinkholes and (2) subsidence sinkholes, 
which are also known as collapse sinkholes (Waltham and Fookes, 2003; Gutiérrez et al., 2008; 
Beck, 2012; Kaufmann and Romanov, 2016). Solution sinkholes form by the lowering of the 
surface in soluble rocks due to dissolution of rocks along fissures causing collapse or sagging of the 
cover, caprock and bedrock (Gutiérrez et al., 2014; Kaufmann and Romanov, 2016; Al-Halbouni et 
al., 2017). Collapse sinkholes are karstic features and caused by the collapse of the void in the 
subsurface (Al-Halbouni et al., 2017; Fabregat et al., 2017). The cavities (void) in the subsurface 
enlarge due to the dissolution of soluble rocks along fractures and bedding planes. The cavities can 
grow up to a certain size, and exceed the stable condition of the roof and subsequently collapse into 
the void. The collapsed material, if soluble, can undergo further dissolution and be removed from 
the sinkhole. Further dissolution can cause the sinkhole to propagate upwards through the 
overburden and finally causing the collapse of the surface, which results in a collapse sinkhole 
(Fabregat et al., 2017). 
In terms of the Colorado Plateau, the sinkholes developed in the Kaibab Limestone due to 
dissolution of gypsum in the underlying Toroweap Formation or Harrisburg Member (Table 4, 
upper Kaibab Limestone) (Wenrich et al., 1986). In comparison to SCBPs, sinkholes collapsed 
close to the surface in a different environment with very low stresses and less pressure in the 
surrounding rocks. Hence, the collapsing behaviour of the rocks could be different to the collapsing 
behaviour in the underground (SCBPs). With increasing depth, the stresses on a rock mass increase 
due to the weight of the overlying strata (Sandy et al., 2010). Nevertheless, the rocks will fail along 
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weak-planes (e.g. bedding planes and joints) and thus allow for comparison in terms of caveability 
and fragmentation of the rock mass. Sinkholes provide information about the shape and size of 
collapse structures (e.g. SCBP intersecting the surface) and the relation to the regional structural 
configuration.  
 
2.10 Solution Cavern 
Solution caverns were studied to understand the processes that formed the initial void that 
eventually failed to produce an SCBP. In the Redwall Limestone there are many caverns exposed in 
the canyon walls. These caverns are likely to have formed due to the same processes, which formed 
the caverns from where the SCBPs originated (see section: 2.8.3), but have failed to initiate an 
upward stoping process. Investigating these caverns provide useful information about the initial 
caverns shape and size. The size of a cavern must exceed a certain volume to cause the overlying 
material to fail. Small caverns remain stable and do not collapse, whereas larger caverns are more 
likely to produce an SCBP. 
Based on general cavern formation in the Redwall Limestone and proposed formation of SCBPs, 
this thesis investigated un-collapsed caverns in terms of their size and shape, as well as the 
surrounding rock mass in terms of deformation and structural characteristics. Particular emphasis 
was put on the host lithology and structural domains in the surrounding and overlying host-rocks, as 
well as the size of the cavern. This information is useful to determine the requirements for 
caveability and rock fragmentation in the Redwall Limestone, and thus the initiation of SCBPs.  
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3 METHODOLOGY 
 
3.1 Data Acquisition 
A reconnaissance field trip was conducted from October until November 2014. During this trip, 
connections to local expertise were established (e.g. George Billingsley, former USGS; Donn 
Pillmore, Energy Fuels Inc., USA). SCBPs, sinkholes and solution caverns, which had potential to 
be studied, were inspected and documented. Following, suitable case studies were selected and the 
field area defined (Figure 11). 
After framing the research area, a second field trip for data acquisition was planned and conducted 
from April until May 2015. The data acquisition process in the field included surface mapping and 
collection of hand specimen for geological and structural assessment, high-resolution imagery for 
2D photo-interpretative mapping and close range (terrestrial) photogrammetry (along with a highly 
accurate differential global positioning system (DGPS) and survey). Energy Fuels Inc. provided 
mine reports and digital models of the Pinenut Mine in Maptek Vulcan format to study the internal 
anatomy of the Pinenut Pipe. Additionally, two selected drill cores of the Pinenut Mine were logged 
and sampled in order to develop a better understanding of the SCBPs internal geology and its 
exterior expression on the ground surface (Appendices: AIII.1). 
 
3.2 Surface Mapping 
During the fieldwork, the host lithology of the SCBPs and composition of the breccia was recorded. 
Hand specimen were taken for further analysis and determination of the rock lithotype. Field 
measurements of the dip, dip direction and strike of planar features were taken to determine the 
orientation of discontinuity planes such as faults and joints. These field measurements were then 
compared with the data from the 3D photogrammetry models to enhance the structural analysis. 
 
3.3 Photo-Interpretative Mapping 
Photographs were taken of the target outcrops using a 15 megapixel Canon EOS 500D digital 
single-lens reflex (DSLR) camera. The camera was equipped with a 35 mm focal-length prime 
(fixed focal length) lens (Canon EF 35 mm, f/2·0); a 70 to 300 mm zoom lens (Canon EF 70 to 300 
mm, f/4 to 5·6L IS USM); or a 300 mm prime lens (Canon EF 300 mm, f/4L IS USM) (Klawitter et 
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al., 2017). The camera was mounted on a photographic tripod (Manfrotto 475B) with a panoramic 
head (Manfrotto 410) to ensure a stable condition during the capturing of the photographs, and 
prevent unintentional movement of the camera (Klawitter et al., 2017).  
The 35 mm prime lens was used to capture 2D photographs of the entire outcrop extent to obtain a 
general overview of the SCBP, surrounding host-rocks and geological context. For further details, 
the 300 mm zoom lens, and 300 mm prime lens were employed to capture high-resolution 
photographs of certain sections of the outcrop and SCBP, as well as the whole outcrop extent. To 
capture the entire outcrop, care was taken to maintain sufficient overlap between the photographs, 
while moving the viewfinder of the camera across the outcrop face. Subsequently these high-
resolution photographs were imported into CorelDRAW® Graphics Suite X6 (Version 16.0.0.707) 
and stitched together to create one large photomosaic of high-resolution photographs of the entire 
outcrop extent for each example. These mosaics were used for photo-interpretative mapping. 
During mapping the exposed and identified features were classified as structural features such as 
discontinuities (joints, faults and bedding), as well as physical characteristics of the rock, such as 
lithology and depositional contacts, and accordingly colour-coded. Structures associated with the 
SCBP were identified, such as the contact zone between the breccia and deformed host-rock. 
Individual clasts within the breccia were mapped to define the texture of the rock in terms of size, 
shape, composition and orientation of the clasts.  
 
3.4 Close Range Photogrammetry 
The following sections (3.4.1 Data Acquisition, 3.4.2 Terrestrial 3D Photogrammetry, 3.4.3 Post-
Processing) are taken from Klawitter et al. (2017), published in the journal “The Photogrammetric 
Record”. Close range photogrammetry was employed for the following case studies: Navajo Pipe, 
Devils Kitchen and Eagle Sink. 
 
3.4.1 Data Acquisition 
For the data acquisition, the authors sought a technique that used lightweight equipment that 
provided flexibility and ease of operation in remote areas, as it was to be carried on foot. A 
terrestrial lidar system was discounted, due to the weight and bulky composition of the necessary 
equipment. Furthermore, drones could not be used, due to the restriction on operating drones in the 
field area. Therefore, close range photogrammetry was selected for the data acquisition. The data 
acquisition process involved the capturing of high-resolution photography and the recording of 
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global navigation satellite system (GNSS) coordinates. To capture the target outcrop, camera 
stations were set up along the outcrop face and separated by a baseline/distance ratio of 1/7 
(Sturzenegger, 2010). From every camera station several photographs were taken using a “fan” 
mode to cover as much of the outcrop face as possible and to ensure a sufficient overlap with the 
photographs taken from the neighbouring camera station (such as suggested in Wenzel et al., 2013). 
In this study a Canon EOS 500D digital single-lens reflex (DSLR) camera with a 15 megapixel 
sensor has been used. In total three different lenses were tested for the data acquisition: a 35 mm 
focal-length prime (fixed focal length) lens (Canon EF 35 mm, f/2·0); a 70 to 300 mm zoom lens 
(Canon EF 70 to 300 mm, f/4 to 5·6L IS USM); and a 300 mm prime lens (Canon EF 300 mm, f/4L 
IS USM). Although the ground sample distance (GSD), defining the pixel coverage on the object, 
can be decreased by using zoom lenses, the 3D topographic accuracy of the model remains the 
same, since this is dependent on other parameters besides the resolution (see below). Further, more 
photographs need to be taken to cover the whole outcrop face, which is a time-consuming process. 
Accordingly, the change of lighting conditions affects the reflection intensity of the outcrop and 
may prove hazardous for the image-matching process (Kehl et al., 2017). Hence, the Canon EF 35 
mm lens was employed for the data acquisition. To reduce the risk of any unintentional movement 
whilst capturing the photographs, an additional photographic tripod (Manfrotto 475B) combined 
with a panoramic head (Manfrotto 410) was used. 
In order to correctly scale and georeference the subsequent 3D model, various ground control points 
(GCPs) were evenly distributed across the entire outcrop, and their position recorded using a Leica 
1230+ differential global navigation satellite system (DGNSS) in real-time kinematic (RTK) mode. 
On average, the accuracy of a single point was between 2 and 3 cm. To obtain complete 3D models 
of the target outcrops, the north and south side of the canyon (Navajo Pipe) were recorded, setting 
up the camera stations and GCPs on both sides of the canyon (the distance between a camera station 
and outcrop face was 300 to 350 m) and circumferential to each sinkhole (Eagle Sink, Devils 
Kitchen). 
 
3.4.2 Terrestrial 3D Photogrammetry 
In this study Agisoft PhotoScan (Version 1.2.6, August 2016) commercial software was employed 
to build 3D models of the outcrops. PhotoScan operates on the structure-from-motion multiview 
stereo (SfM-MVS) method. This method allows for the reconstruction of a scene from sufficiently 
overlapping photographs without the manual input of camera positions or orientation data: it has 
been described in more detail by several authors such as Westoby et al. (2012), Carrivick et al. 
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(2016) and Tonkin and Midgley (2016). The resulting 3D point clouds were reconstructed fully 
automatically and integrated into a relative (local) coordinate system. This method has proven to be 
flexible in relation to the variety of scales to which it can be deployed in the geosciences (Carrivick 
et al., 2016). Although the PhotoScan software estimates the camera position for each photograph, 
the exact location of each camera position and GCP (previously recorded in the field) were 
imported and used as constraints to scale and orientate the image block in georeferenced (world) 
coordinates. The GCPs can be set up by manually selecting the same feature in multiple 
photographs (for example, targets previously set up on the outcrop). 
 
3.4.3 Post-Processing 
The fidelity of the 3D model to reality depends on several variables which are: the GSD (influenced 
by the base-to-distance ratio and mechanical camera specifications); RTK 3D topographic accuracy; 
human error in manually selecting GCPs; and the software reprojection error (indicating poor 
localisation accuracy of the corresponding point projection). The authors assessed that the 3D 
accuracy delivered by Agisoft PhotoScan to be appropriate for the extraction of significant 
geological features for the purpose of this study. The 3D models were then imported into Maptek 
Vulcan and Maptek I-Site Studio for structural analysis. These software packages provide digital 
tools, which allow for topographic survey and structural mapping of geological features, such as 
faults, joints, discontinuities, bedding planes and so on. These features were subsequently digitised 
and finally converted into analytical data by implementing a structural database (Maptek Vulcan) 
for structural analysis. 
 
3.5 Mine Data 
3.5.1 Orphan Mine 
The Orphan Mine was established in 1893 and between 1956 and 1969 successfully mined for U 
ore (Chenoweth, 1986; Wenrich and Titley, 2008). The now abandoned mine was operated as an 
underground mine that was developed over 20 mine levels. The geology of two of the most 
important mine levels were mapped in detail by mine geologists and later published by Gornitz and 
Kerr (1970). These maps provide detailed information about the internal ‘anatomy’ of this SCBP 
and the associated structures that occur in the adjacent wall-rocks. The mapping information and the 
survey plans of the other mine levels were used as the basis of a 3D reconstruction of the internal 
anatomy of the pipe structure to better understand the internal geology of the breccia complex. The 
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3D reconstruction model was created by Webster (2015c, unpublished) and provided for further 
interpretation during this study.  
 
3.5.2 Pinenut Mine 
The Pinenut Pipe has been successfully explored for uranium and developed as an underground 
mine in 1986 (operated by Energy Fuels Inc., USA). In September 2015 the economic resources 
were exhausted and the mine closed (pers. comm., Pillmore, 2015). The underground mine was 
visited twice during the fieldwork in 2014 and 2015 and the owners provided two drill cores for 
sampling. Access to the mine workings provided a unique opportunity to directly examine the rocks 
of the Pinenut Mine in situ in mine openings and in drill core. Production pressures meant that the 
available time underground was limited. 2D photographs were taken underground and several key 
observations of the character of the breccia complex forming the BB were made. Additionally, drill 
reports and a digital 3D model of the mine was provided in Maptek Vulcan format and used for 
further interpretations. The samples taken from drill core were used for rock descriptions and 
characterisation of the breccia (Appendices: AIII.1). 
 
3.6 Structural Analysis 
3.6.1 Introduction 
A structural analysis was performed on the 3D photogrammetry models to detect and measure all 
relevant structural elements, which could be related to the location and development of the collapse 
feature, or induced by subsidence and collapsing mechanisms. Along this, the regional brittle and 
ductile framework, i.e. faults and folds, in situ jointing and bedding, as well as collapse related 
brittle features were mapped in the model extents. The orientation of each discontinuity (joint and 
fault) in terms of dip-angle and dip-direction was measured, as well as the persistence in the outcrop 
face, and subsequently grouped into corresponding sets. The dip, dip-direction and thickness for 
each sedimentary bed were recorded. The relationship between the bedding thickness and joint 
spacing was assessed to relate lithology and in situ structural conditions to the resulting blocks in 
terms of shape, size and size distribution. Field recordings and remote observations (reconnaissance 
lineament analysis through satellite and Google Earth imagery) along with previous studies were 
used to enhance the interpretation of the collected data from the structural analysis. 
The data was used to relate the tectonic setting and structural conditions of the in situ rock mass 
with the collapse feature to define its location, size and shape. The extent to which (i) collapse 
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affected the surrounding wall-rocks, and (ii) lithology and in situ structural conditions controlled the 
shape and size of the blocks formed during gravitational-induced rock failure were also determined. 
 
3.6.2 Bedding Thickness vs Fracture Density 
The relationship between fracture density (FD) and bedding thickness (BT) was studied for the 
outcrop walls of each model, as the FD is thought to be proportional to BT in sedimentary rocks 
(Narr and Suppe, 1991). Previous researcher have shown that the FD increases with increasing BT 
(Ladeira and Price, 1981; Narr and Suppe, 1991). The study was limited to sedimentary beds with 
thicknesses greater than several decimetres, due to the resolution of the photography and 3D model 
precision. For each bed the fractures were counted (FC: fracture count) in the outcrop face for the 
complete horizontal distance (W: width) of a bed. The width of the beds varied across the walls. 
Hence, for the purpose of consistency and direct comparison, the collected data subsequently was 
converted to FD, to adjust for the varying length of traverse. The FD was calculated by applying 
Equation (1) as follows and presented as FD against BT in a log-log plot: 
 
Eq. (1)    
 
 
3.6.3 Block/Clast Sizes 
Due to gravity-induced stresses, the blocks will fail along predefined weak zones in the host-rocks, 
such as bedding planes and in situ jointing. Therefore, the relationship between the already 
collapsed blocks and previously shown correlation of in situ BT and FD was determined. At first, 
the cross-sectional area (m2) of the clasts within the SCBP and the volume (m3) of the blocks on the 
bottom of each sinkhole were measured. Subsequently, the theoretical cross-sectional area (A) for 
the clasts in outcrop face was calculated in respect to BT and average fracture spacing (FS) in each 
bed, applying Equation (2, 3).  
 
 Eq. (2)  
Eq. (3)   
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The average volume of a block from one bed calculates by multiplying the cross-sectional area (A) 
with the average FS of the joint set intersecting the outcrop face of the same bed (Figure 15). 
Hence, the average volume (V) of a block is calculated by applying Equation (4): 
 
Eq. (4)    
J(x, y): intersecting joint sets 
 
 
 
Figure 15: Illustration of FS (Jx, y) and BT to calculate the volume of a block. 
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4 RESULTS 
 
4.1 Description of Solution Collapse Breccia Pipes 
This study identified several zones within an SCBP, which preserve evidence of characteristic 
subsidence processes, rock failure and mass flow mechanisms. These processes developed during 
subsidence-related undermining and subsequent gravity collapse of the overlying, previously intact 
strata. Each zone represents a part of the structure where different and localised processes occurred 
during the upward propagation. The criteria by which the zones were defined include: 
 
- Places in the SCBP where characteristic styles of structure developed (faulting, jointing, 
bedding plane failure) 
- Where particular failure processes occurred in the host-rock 
- Where particular flow mechanisms operated within the mobilised broken rock and at its 
margin 
 
The conceptual model to describe the anatomy and mechanism operating in an SCBP can be 
divided into four distinctive zones (Figure 16): 
 
- Wall-Rock (WR) 
- Deformation Zone (DZ) 
- Pipe Margin (PM) 
- Breccia Body (BB) 
 
Figure 16: Basic cross-sectional cartoon of an SCBP, indicating the different zones identified in this study. From the 
outside to the inside, the system can be divided into four zones: (1) Wall-rock (WR); (2) Deformation Zone (DZ); (3) 
Pipe Margin (PM); (4) Breccia Body (BB). 
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The following definitions serve as a shorthand descriptive nomenclature and provide the framework 
for describing the outcropping examples in detail. 
 
Wall-Rock (WR): defined as the undisturbed host-rocks in the vicinity of the deformed stratigraphy 
surrounding the SCBP. Strata in this zone may be influenced by the original depositional processes 
and post-depositional tectonic deformation; however, it has not been affected by the collapsing 
mechanisms of the SCBP. In the case studies, the WR is characterised by flat-lying, horizontally 
bedded sedimentary rocks of the Colorado Plateau (see chapter: 2.8.2.1 Stratigraphy). 
 
Deformation Zone (DZ): defines the outer zone of an SCBP. The subsidence radially affects the 
host-rocks surrounding the column of collapsed material. Depending on the host-rock lithology, the 
deformation is influenced in several ways and to various extents. The DZ may be subject to (1) 
deformation, including stress induced jointing, faulting and displacement of rock layers, (2) 
alteration processes of the host-rock, and (3) uranium mineralisation caused by fluid movement. 
 
Pipe Margin (PM): defines the transition zone between the DZ and BB demarcating the deformed 
host-strata from the broken material. From the examples studied the width of this zones varies from 
less than a meter up to several meters (>5 m). As earlier described (see section: 2.8.3), previous 
studies defined this zone as a ring fracture wrapping around the breccia column (e.g. Wenrich, 
1985). This zone is characterised by (1) shearing, (2) telescoping mechanisms, as well as (3) 
uranium mineralisation in some examples. 
 
Breccia Body (BB): defines the internal zone of an SCBP. This zone is composed of an angular to 
sub-angular, matrix to clast-supported breccia with layered to randomly oriented broken material 
derived from the host lithologies of the former roof and adjacent WR of the collapsed cave. The 
width of the BB varies from several tens of meters up to >150 m in diameter. The vertical 
displacement of the material within the BB ranges from merely subsidence of some layers formerly 
overlaying the previous void to a full downward displacement of up to several tens of meters of 
individual clasts from their original stratigraphical position. The BB can be described by its (1) bulk 
composition, (2) clast characteristics, (3) matrix material, (4) alteration, and (5) uranium 
mineralisation where present. 
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4.1.1 Eagle Pipe 
The Eagle Pipe is an SCBP located on the Hualapai Reservation, in the western part of the Grand 
Canyon, Arizona (36° 0'21.07"N, 113°48'8.34"W), at an elevation of 1,325 m (Figure 11). It can be 
seen in outcrop in the eastern canyon wall of a tributary valley 2,600 m south of the Colorado River 
and approximately 1,000 m south-east of the Grand Canyon Skywalk (a famous tourist attraction 
operated by the Hualapai Tribe), from where the photographs for this study were taken (Figure 17). 
In previous studies the Eagle Pipe has also been referred to as ‘the Bat Cave pipe’ (e.g. Wenrich, 
1985). 
 
 
Figure 17: Photomosaic of the Eagle Pipe exposed in a canyon wall on the Hualapai Reservation (Arizona). The 
photograph was taken approximately from 1,000 m distance.  
 
 
In this part of the field area the Mesozoic strata have been eroded and the current topographic 
surface is mainly formed by the Wescogame Formation (Supai Group) (Figure 18) (Billingsley and 
Wellmeyer, 2003). Locally, some remains of the Esplanade Sandstone (upper Supai) are still 
preserved on top of the Wescogame Formation. The Muav Limestone forms the floor of the canyon 
and is overlain by the Redwall Limestone, from where the Eagle Pipe originates. Erosion processes 
exhumed the pipe in the canyon wall, where it crosscuts the strata (Figure 17). It extends vertically 
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upwards for 135 m from the slope-forming surface of the Watahomigi Formation through the 
Manakacha Formation into the Wescogame Formation (Figure 19). The diameter of the brecciated 
material is 52 m. The initially overlying units were eroded away. It is unknown if this SCBP 
progressed further upwards into younger formations (above the Supai Group). The map area is 
traversed by a series of northeast striking normal faults (Figure 18). 
 
 
Figure 18: Geologic map showing the location of the Eagle Pipe (yellow dot), located on the Hualapai Reservation, 
Arizona (western Grand Canyon). The Eagle Pipe is exposed in the canyon wall (Supai Group: MPu). Please refer to 
Appendices: AI.1 for the abbreviations of the map units. Map was modified after Billingsley and Wellmeyer (2003). 
 
The geology and deformation mechanisms of this example were studied by photo-interpretative 
mapping. The photographs were taken from approximately 1 km distance. Figure 19 shows the 
interpretation map of the Eagle Pipe and surrounding host-rocks. The following descriptions are 
based on the interpretation made from the interpretation map and field observations. 
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Figure 19: Interpretation map of the Eagle Pipe. The purple to blue shades indicate the different host-rock formations. The coloured lines indicate marker horizons, which allow for 
correlation with the surrounding host-rocks and material within the PM and BB. The brown to amber coloured zones indicate collar zones, which wrap around the inner core (BB) of 
the SCBP. The green shades indicate different breccia zones within the BB. Large square (dashed lines): close-up 1 (Figure 20), small square (dashed lines): close-up 2 (Figure 21).
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4.1.1.1 Deformation Zone 
In the approximately cross-sectional exposure of the canyon wall, the host-rocks of the lower Supai 
Group (Watahomigi Formation, Manakacha Formation, Wescogame Formation) surrounding the 
BB, are affected by the collapse to a distance of about 100 m either side (Figure 19). In this DZ, the 
bedding of the host-rocks is disturbed by steeply dipping normal faults that traverse the strata with 
beds dipping towards the centre of the pipe (Figure 20). The host-rocks are partially altered to a 
white rock (initially red). The Esplanade Sandstone, overlaying the Wescogame Formation, is 
missing for the horizontal extent of the DZ (Figure 19).  
The lower, sandstone dominated, unit of the Wescogame Formation, is characterised by brittle 
deformation. Steeply dipping normal faults traverse the strata and cause an offset between 1.5 m to 
5 m of individual beds, with an increasing offset towards the centre of the pipe (Figure 20). The 
normal faults are evenly spaced (12 m), however, small-scale fracturing and faulting occurs in the 
strata between the normal fault planes. The density of small-scale fracturing and faulting increases 
towards the PM. Distinctive marker horizons allow for correlation and determination of strata 
displacement (Figure 19, Figure 20). In total, the vertical displacement of the host-rocks from the 
WR to the PM was measured to be 27 m. The underlying Manakacha Formation is composed of 
mainly shaly siltstones and mudstones interbedded with thin limestone and sandstone beds. The 
deformation within this formation is less prominent; however, due to the low angle of the slope and 
vegetation, observations are limited. The lower unit of the Manakacha Formation consist of medium 
to thick-bedded sandstones and sandy limestones, which show similar deformation characteristics to 
the overlying sandstone dominated unit of the Wescogame Formation, with steeply dipping normal 
faults in the rocks adjacent to the PM (Figure 21). 
On the current topographic surface, the strata of the Wescogame Formation are bleached. Due to 
erosional processes, only relicts of a previously circular alteration halo of 60 m in diameter 
surrounds the centre of the pipe (Figure 22). Approximately NE/SW (N.10°-20°E.) and E/W 
(N.60°-80°) striking fractures intersect the SCBP. 
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Figure 20: Close-up 1 of the Eagle Pipe. (A) Photo of the Deformation Zone (left) within the lower, sandstone 
dominated unit of the Wescogame Formation, and BB to the right. (B) Interpretation map of (A) showing marker 
horizons in the surrounding host-rocks, normal fault displacement with a prominent offset towards the centre of the 
pipe. The BB is divided into the upper, middle and lower section. The brecciation increases from the upper section 
(steeply dipping fractures), through the middle section (fault displacement), to the lower section (detachment of 
blocks/clasts). The lower section is characterised as a matrix supported, chaotic, angular to sub-angular sandstone 
breccia. 
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Figure 21: Close-up 2 of the Eagle Pipe. (A) Photo of the PM within the medium to thick-bedded sandstone and sandy 
limestone unit of the Manakacha formation. (B) Interpretation map of (A) indicating the normal fault displacement of 
the beds and downward movement of the material. Note: the green line indicates an intensified downward displacement, 
tilting and shearing of the material in the direct vicinity to the BB. 
 
 
Figure 22: (A) Aerial view of the Eagle Pipe (Google Earth Pro). (B) Interpretation map of (A) showing the 
approximately NE/SW (N.10°-20°) and E/W (N.60°-80°) striking fractures and circular features on top of the pipe. The 
brown shape indicates the alteration halo of bleached rock. 
 
4.1.1.2 Pipe Margin 
The BB of the Eagle Pipe is separated from the DZ by a region of intense shear flowage and 
deformation, the PM. This zone sharply demarcates the mobilised fragmental material of the BB 
from the deformed rocks of the DZ. The deformation includes a dense system of vertical faults 
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traversing the rocks at the immediate contact with the BB, as well as steeply inward tilting of 
previously horizontal bedding towards the BB (Figure 21, green line). The vertical displacement of 
the strata along the normal faults within the PM have been measured to exceed 6 m.  
 
 
4.1.1.3 Breccia Body 
The BB can be subdivided into three vertical sections, due to compositional changes in the breccia 
(Figure 19, Figure 20). From the very top downwards: 
 
(1) Upper section: No breccia, thick-bedded sandstone (no visible stratification), dissected by 
vertical open fractures, 
(2) Middle section: Mosaic breccia, medium-bedded sandstone, deformed, dissected by small 
scale fractures,  
(3) Lower section: chaotic breccia, matrix supported, angular to sub-angular sandstone breccia, 
no bedding (clasts are fully detached). 
 
The upper section of the BB has a vertical extent of 21 m. The rocks are red to grey, thick-bedded, 
massive sandstones with preserved bedding that can be traced back to the surrounding WR. This 
section does not show any brecciation. The steeply dipping, approximately E/W trending fractures 
(or open joints) dissect the material for the whole vertical extent of the section.  
The middle section of the BB has a vertical extent of 14 m. The rocks are red to grey, medium- 
bedded sandstones. The bedding is still preserved and allows for correlation with the surrounding 
WR. The section is dissected by small-scale fractures, which locally cause an offset of up to 3 m. 
The contact with the lower section has a convex shape, indicating a further displacement towards 
the centre of the BB. 
The lower section of the BB has a vertical extent of 30 m and is characterised by a matrix-supported 
breccia with angular to sub-angular, red to grey sandstone clasts. The size of the clasts varies from 
fine-grained material to large boulders of 3 m in diameter. In this section, no bedding or internal 
layering is preserved within the breccia. Some clasts show mild rotational movement of about 45° 
in respect to their depositional position. The matrix material is composed of a fine-grained material 
of unknown composition.  
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For the lower half of the exposed SCBP the BB is covered by the PM and cannot be observed in 
outcrop. The BB is traversed by steeply dipping NE trending fractures. 
 
 
4.1.1.4 Interpretation 
The dominant source of the material within the BB was determined to be the surrounding 
Wescogame Formation. Distinctive marker horizons within the BB and in the surrounding DZ, as 
well as WR, allow for a good correlation. A total vertical displacement from the depositional 
position in the WR to its final position in the BB has been measured to be at least 21 m.  
The examination of the distribution of the brecciated material within the BB shows, that the bulk 
composition of the WR remained together, even though the material, especially further down the 
section, is significantly displaced. From the available data (photos), no mixing of material or 
overturning of layers has been recorded for this SCBP during subsidence (pre-lithification). The 
different breccia zones indicate an increase in brecciation from the top towards the bottom. In the 
upper zone, distinctive marker horizons are still present, whereas the material further down the 
breccia column is fully detached and significantly displaced.  
The host-rocks in the DZ are affected by deformation processes to various extents due to changes in 
their lithology. The sandstone dominated units are characterised by brittle deformation, whereas in 
the silt- and mudstone dominated units the brittle deformation is less prominent and might be more 
distributed across the unit or subject to enhanced ductile deformation.  
Observations of the Eagle Pipe show that sub-zones, including broad regions of laminar flow 
(shearing), occur along the PM during the subsidence of the broken material within the BB (prior to 
lithification). These zones are interpreted to represent differential flow and frictional drag at the 
margins. In the eroded canyon exposure, the strongly laminar fabric of the peripheral sub-zone has 
the appearance of a ‘collar’ around the inner, more massive pipe-like neck of the BB (Figure 19 and 
Figure 21), and has been interpreted as ‘telescoping’ flow mechanism, with different parts sliding 
along each other.  
The fractures cross-cutting the SCBP indicate a deformation event post lithification, possibly 
related to the extensional tectonic events 65 Ma ago, which formed the normal faults on the 
Colorado Plateau (see section: 2.8.2) (Huntoon, 1989). These fractures are approximately NE/SW 
(N.10°-20°) and E/W (N.60°-80°) striking and coincide with the preferred NE striking faults of the 
Colorado Plateau and orientation of the surrounding normal faults (Figure 18). 
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4.1.2 Kaibab Pipe 
The Kaibab Pipe is an SCBP located adjacent to the South Kaibab Trail, on the mid-slope of the 
southern wall of the central Grand Canyon (36°4'30.82"N, 112°5'33.33"W) at an elevation of 1,596 
m (Figure 11). The pipe forms a prominent, positive, pinnacle-shaped erosion feature that stands 
proud of the current topographic slope surface (Figure 23). The surrounding WR have been 
preferentially eroded, resulting in the exposure of the more resistant, lithified breccia.  
 
 
Figure 23: Photo of the Kaibab Pipe exposed as an erosion feature (pinnacle) on a slope-forming surface. The WR, 
which initially surrounded the pipe, were eroded away. 
 
The pipe outcrop stands to a total height of 19 m above the surrounding slope and has a cylindrical 
to cone-like shape. The bottom of the pipe outcrop is 11.5 m in diameter (though partially obscured 
by scree) and narrows towards the top. It is unknown to what degree the narrowing of the 
outcropping pipe is due to erosion, or if it reflects the original sub-surface geometry. 
The Kaibab Pipe provided a unique opportunity to directly observe and measure the features of the 
breccia fabric in outcrop, including the lithology, shape and orientation of the broken rock 
fragments (clasts) that form the breccia, and the matrix infill between them. The pipe also preserves 
accessible outcrop exposures of the margins and its transition to the surrounding WR, which 
provided key information about these important regions of an SCBP. Such detailed information 
supplements the more remote observations made from 3D imagery. 
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The Kaibab Pipe is exposed within the lower Supai Group (Figure 24). The slope-forming surface is 
developed by the Watahomigi Formation, while the adjacent cliff is formed by the overlying 
Manakacha Formation (Table 4). The field area is traversed by northwest striking normal faults. 
 
 
Figure 24: Geologic map showing the location of the Kaibab Pipe (yellow dot), located adjacent to the South Kaibab 
Trail, Arizona (central Grand Canyon). The Kaibab Pipe is exposed in the canyon wall (lower Supai Group:  MPu). 
Please refer to Appendices: AI.1 for the abbreviations of the map units. Map was modified after Billingsley (2000a). 
 
 
4.1.2.1 Deformation Zone 
The host-rocks surrounding the BB are affected by deformation. The lowest sandstone beds of the 
Manakacha Formation are displaced from their original depositional position and dip towards the 
centre of the pipe. The deformation was recorded to start 23 m to the north and 38 m to the south of 
the BB. Approximately 20 m to the centre of the BB the displacement intensifies and some beds 
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were rotated of up to 45° in respect to their depositional orientation. The host-rocks in the DZ are 
subject to alteration and were bleached to a pale-grey to whitish colour. The alteration has been 
recorded to extend up to 18 m to the north and 29 m to the south of the BB. To the east, the 
alteration front is interrupt by thin calcite veins in the host-rocks (Figure 25). This natural boundary 
suggests that the coarse crystalline calcite was precipitated in the veins either prior to, or during the 
development of the alteration zone. 
 
 
Figure 25: Photographs of the DZ of the Kaibab Pipe. (A) Close-up of the alteration front between the altered host-
rocks (Alt. HR) and unaltered host-rocks (Unalt. HR) within the DZ (courtesy of A.Webster). (B) Close-up of the 
boundary between the altered host-rocks and unaltered host-rocks (courtesy of A.Webster). Note: The alteration stops at 
a vein filled with calcite minerals. 
 
 
4.1.2.2 Pipe Margin 
The WR towards the north, south and west of the Kaibab Pipe have been almost completely eroded 
away. However, the WR to the east remained and thus the PM can be observed in outcrop (Figure 
26). In this zone, the strata are intensively fractured and displaced downwards. The PM is 
characterised by high-angle normal faults and intense displacement and rotation of the strata. 
Individual fragments were detached from their in situ position along bedding planes and rotated up 
to >45° during downward displacement and fault separation. The normal faults are N/S striking and 
steeply dip westwards towards the centre of the BB (Figure 26). A prominent offset of 1 to 1.5 m 
was recorded. The spacing between the faults varies between 1.4 to 1.6 m. Some fragments are 
oriented parallel to the fault planes along their long-axes and occur approximately parallel to the 
PM. The rocks within this zone are altered to a greyish to white colour. 
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Figure 26: (A) Picture of the PM to the east of the Kaibab Pipe. (B) Interpretation map of (A). The dashed magenta 
lines display steeply dipping normal faults. The grey solid displays a rock layer, which was displaced in respect to its 
initial position in the DZ. Some fragments underwent rotation of up to 45°, indicated by the cross within the clasts (dark 
grey). The black arrows show the width of the PM. 
 
 
4.1.2.3 Breccia Body 
The BB of the Kaibab Pipe is characterised by a mosaic to clast-supported breccia with angular to 
sub-angular, yellow to light brownish fragments (clasts) of mudstone, siltstone, and limestone 
(Figure 27). The size of the clasts range from small siltstone and mudstone pebbles of <1 cm in 
diameter to limestone clasts of up to 1.6 m in diameter. A general feature of the clasts is the strong 
tabular shape (the long axes of the clasts are considerably longer than the width). Some clasts 
preserve depositional bedding planes and have surfaces formed along bed partings. The bedding 
thickness within clasts varies, ranging from thin laminations of <1 cm (in siltstone/mudstone) to 50 
to 70 cm in thick bed (in limestone). Observations of preserved depositional bedding in individual 
clasts show rotational movement of individual clasts of up to 90° and abut perpendicular against 
their neighbouring clasts (Figure 28). Enhanced rotation of some individual clasts occurred 
primarily towards the bottom of the exposed SCBP 
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Figure 27: Close-up of the BB of the Kaibab Pipe. The limestone (LS) and siltstone (Slt) clasts (interbedded with fine 
mudstone layers) are cemented by a calcareous fine-grained matrix material and calcite minerals.  
 
Figure 28: (A) Close-up of the breccia showing rotational movement of the siltstone (Slt) clast (bottom), in respect to 
the overlying siltstone/mudstone (Slt/MS) and limestone (LS) clasts. (B) Interpretation map of (A). The bedding planes 
indicate the rotational movement of up to 90° of the siltstone clast in respect to the overlying siltstone/mudstone layer. 
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However, the vast majority of elongated, tabular to disc-shaped clasts remain largely horizontal in 
the mobilised rock column prior to lithification. Particularly towards the centre of the exposed 
section of this SCBP, the clasts remain flat-lying and are oriented parallel to their in situ 
depositional orientation. Laterally, the fragments within the BB show compositional similarities to 
their neighbouring clasts. These layers form a vertical zonation alternating between layers 
characterised by mosaic brecciation of mainly larger limestone clasts (the clasts can be fitted back 
together), and zones of finer material, which is mainly composed of siltstone and mudstone cobbles. 
Figure 29 indicates the vertical zonation within the BB. The larger limestone clasts were 
highlighted in yellow/brown, while the zones of finer material remain blank (transparent). The red 
dashed lines indicate the zonation. Enhanced by the mosaic brecciation and compositional 
similarities between clasts, some layers, even though downward displaced and detached from their 
in situ position, can be traced back from the BB to the DZ. This allows for correlation of particular 
layered zones of clasts within the BB with their original layer in the adjacent WR. Downward 
displacement of the material was determined to be at least 2.5 m from the DZ to their final position 
in the BB. 
 
Figure 29: (A) Picture of the Kaibab Pipe, (B) Interpretation map of (A). The dashed lines (red) indicate internal layers 
depending on compositional similarities of neighbouring clasts. Yellow/brown shapes: limestone clasts, blank zones 
between clasts: fine material (siltstone/mudstone). Note: the clasts are strongly tabular shaped and remain flat lying. 
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The matrix infill between the clasts is composed of fine-grained calcareous silt and sand, calcite 
crystals (as void fill) and fragments of siltstone, mudstone and limestone  
(Figure 30). Locally, some large idiomorphic calcite crystals of up to 5 cm in diameter occur. 
 
 
 
Figure 30: (A) Calcite filling the void between siltstone clasts, (B) Photograph of a large calcite mineral, (C) Calcite 
minerals surrounding a limestone clast. (D) Close-up of calcite minerals in (C). 
 
Alteration processes affected the fragmented rock comprising the BB. The originally grey to 
purple/red clasts (colour of surrounding WR) are now bleached to a greyish/white to light brownish 
colour (also see DZ above). Every lithotype (limestone, siltstone, mudstone), as well as the matrix 
material, has been affected by the alteration, however, finer-grained material (siltstone, mudstone) 
appears to be affected to a higher degree (more strongly bleached to a white). 
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4.1.2.4 Interpretation 
The dominant source of the breccia clasts were the surrounding WR (lower Supai Group), therefore 
the breccia is composed of limestone, siltstone and mudstone clasts, of which the limestone clasts 
are, on average, larger and more angular than the siltstone and mudstone clasts. Due to retained 
spatial proximity between clasts from the same layer, the BB indicates an internal vertical zonation 
of alternating layers of larger limestone clasts and smaller siltstone/mudstone clasts. These layers, 
even though vertically displaced, can be traced back to the DZ and WR, and reflect the 
lithostratigraphy of the surrounding Watahomigi Formation (limestone, interbedded with siltstone 
and mudstone layers). The tracing allowed measuring the downward displacement of individual 
clasts from the DZ to the final position within the BB to be at least 2.5 m. The short vertical 
movement of the clasts, as well as observations of preserved depositional bedding in individual 
clasts, show that the majority of the clasts remains flat-lying towards the centre of the BB, however, 
significant rotation along the long axes has been recorded to occur along the PM. This indicates 
increased bulking and rotational movement of the fragments along vertical developed fractures at 
the PM. 
The bleaching of the material within the BB, PM and DZ, indicates that this SCBP was subject to 
increased fluid movement. Both the breccia and fracture networks of the PM and DZ were porous 
and channelled reducing fluids causing alteration. The alteration front was observed to stop at 
calcite veins in the DZ, forming a natural boundary.  
Idiomorphic calcite crystals fill open voids between clasts in the BB, indicating an open framework 
breccia. Compaction of the broken rock and the infill of fine-grained matrix material was minimal. 
This suggests that this section of the Kaibab Pipe was poorly evolved, and may have been located 
near the top of a subsidence structure. 
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4.1.3 Carbonate Pipe 
The Carbonate Pipe is an SCBP located on the Havasupai Reservation in northern Arizona 
(36°15'36.10"N, 112°41'5.14"W) at an elevation of 1,201 m (Figure 11). The pipe is exposed in the 
canyon wall, approximately 1.29 km east of the Havasu Falls (a famous tourist attraction) (Figure 
31). In this part of the field area the Mesozoic strata have been eroded and the current topographic 
surface is mainly formed by the lower Supai Group with northwest striking normal faults (Figure 
32) (Billingsley, 2000a). The pipe is exposed in an inaccessible canyon wall and thus was studied 
by photo-interpretative mapping (Figure 33). The photographs were taken from approximately 500 
m distance, from a stratigraphical lower position (in a low angle).  
 
 
Figure 31: Photo of the Carbonate Pipe exposed in a canyon wall on the Havasupai Reservation (Arizona). The 
photograph was taken approximately from 500 m distance. 
 
The Carbonate Pipe is exposed on the upper part of the slope-forming surface developed by the 
Watahomigi Formation. The overlying cliff is formed by the Manakacha Formation (Supai Group) 
and encompasses the lower two third of the exposed SCBP. Here, the pipe is visible in outcrop in 
the canyon wall, crosscuts the strata and is clearly distinct from the surrounding host-rocks. The 
WR of the Wescogame Formation (Supai Group), which initially surrounded the upper top third of 
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the pipe, were eroded and are now expressed as a slope-forming surface in the canyon (Figure 33). 
The pipe is visible field for a total height of 89 m. The width varies from 35 m at the bottom and 
narrows towards the top (10 m).  
 
Figure 32: Geologic map showing the location of the Carbonate Pipe (yellow dot), located on the Havasupai 
Reservation, northern Arizona (central Grand Canyon). The Carbonate Pipe is exposed in the canyon wall (Supai 
Group: MPu). Please refer to Appendices: AI.1 for the abbreviations of the map units. Map was modified after 
Billingsley (2000a). 
 
 
4.1.3.1 Deformation Zone 
In the approximately cross-sectional exposure of the canyon wall the deformed strata surrounding 
the BB can be observed. The thinly bedded limestone ledges of the upper Watahomigi and medium 
to thick-bedded sandstone and sandy limestone units of the Manakacha Formation show continuous 
bedding across the SCBP (Figure 33). Within this section the beds are locally deformed and mildly 
tilted (<40°). The medium to thick-bedded sandstone and sandy limestone units of the Manakacha 
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Formation are intersected by steeply dipping fractures with no visible displacement. The fractures 
developed in the direct vicinity to the BB (<5 m).  
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Figure 33: (A) Photograph of the Carbonate Pipe. White squares (dashed lines) indicate close-ups of the BB (see Figure 35 and Figure 36). (B) Interpretation Map of (A). The SCBP 
is exposed at the top of the slope-forming Watahomigi Formation; thinly bedded limestone (interbedded with silt- and mudstone). The lower part of the pipe is encompassed by 
medium to thick-bedded sandstones and sandy limestone of the Manakacha Formation. The upper part of the SCBP is exposed as a pinnacle-shaped erosion feature. The initial WR 
of the Wescogame Formation were eroded away (now forming a slope). Note: WR in the cliff show only minor deformation and abut horizontally against the PM (marker horizon). 
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Further up in the sequence (half way up the Manakacha Formation), the BB and PM are exhumed in 
the canyon wall. In the direct vicinity to the BB, the medium to thick-bedded sandstone units in the 
DZ show only minor deformation and mainly abut horizontally against the PM (see marker horizon) 
(Figure 33). The top part of the BB is exhumed as an erosion feature. The strata initially 
surrounding the BB were eroded away and thus the DZ cannot be observed.  
The top of the Esplanade Sandstone (a medium to thick-bedded sandstone unit overlying the 
Watahomigi Formation) currently forms a ledge within the Grand Canyon. The surface bedrocks 
surrounding the centre of the pipe are strongly affected by alteration, indicating a radial zone of 
greyish to white rocks. This zone is approximately 247 m in diameter (Figure 34). 
 
 
Figure 34: Aerial view of the Carbonate Pipe (Google Earth Pro). The red dashed line indicates the outer zone of the 
DZ. The yellow line indicates the diameter (247 m) of this zone. 
 
 
69 
 
4.1.3.2 Pipe Margin 
The BB is separated from the DZ by a segment of less than 5 m in width, which is characterised by 
dense vertical fracturing and shearing (Figure 33), the PM. The PM can be seen in outcrop (above 
the marker horizons to approximately the top of the Manakacha Formation) and clearly demarcates 
the BB from the surrounding rocks of the DZ. Due to the exposure of the DZ in the canyon wall for 
the lower third of the SCBP, the PM remains in the sub-surface, and thus cannot be observed below 
the marker horizon.  
 
 
4.1.3.3 Breccia Body 
The lower part of the BB is hidden in the sub-surface. Approximately half way up the Manakacha 
Formation (Figure 33: above marker horizon) the BB is exhumed and exposed in the canyon wall. 
Here, the BB is characterised by a fine-grained, matrix-supported breccia with angular to sub-
angular sandstone and limestone clasts of up to 2.5 m in diameter (Figure 35). The material is fully 
displaced and does not allow for any correlation with the surrounding WR. Internal zonation 
indicates a sagging of the material towards the centre of the pipe (Figure 35B). The horizontal 
displacement within the BB was at least 2.5 m. The composition of the matrix material is unknown. 
The clasts and matrix material was affected by alteration and is characterised by a greyish-white to 
light red colour.  
 
 
Figure 35: Close-up photo of the lower breccia in the BB of the Carbonate Pipe (approximately 10 m above the marker 
horizon, see lower white square in Figure 33). (A) Matrix-supported breccia with angular to sub-angular sand- and 
limestone clasts. (B) Interpretation map of (A) indicating a sagging of the material within the BB for at least 2.5 m 
towards the centre of the pipe. 
 
The upper part of the BB (approximately from the section where the BB is exhumed as a pinnacle-
shaped erosion feature, top of Manakacha Formation) shows compositional differences in 
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comparison to the lower breccia. Here, the BB is characterised by a clast-supported breccia with 
angular to sub-angular siltstone and sandstone clasts of up to 2 m in diameter. This section indicates 
internal layering with compositional similarities between neighbouring clasts, which can be related 
to another. The internal layering indicates a sagging and downward movement of at least 1 m 
towards the centre of the pipe with interlocking of larger clasts (Figure 36).  
 
 
Figure 36: Close-up photo of the upper breccia in the BB of the Carbonate Pipe (approximately 30 m above the marker 
horizon, see upper white square in Figure 33). (A) Clast-supported breccia with angular to sub-angular silt- and 
sandstone clasts. (B) Interpretation map of (A) indicating a sagging and mild displacement of the material within the BB 
for at least 1 m towards the centre of the pipe. Note: larger blocks are subject to interlocking. 
 
 
4.1.3.4 Interpretation 
The dominant source of the breccia clasts were the surrounding WR of the lower Supai Group. In 
the lower part of the SCBP, the bedding can be correlated across the SCBP. The actual BB lies 
within the sub-surface and is only exposed about 40 m up the SCBP. The intense shearing and 
vertical fracturing within the PM sharply demarcates the BB from the surrounding WR. The upper 
BB is exposed as an erosion feature. Thus, the clasts cannot be correlated to the surrounding WR. 
However, the BB shows internal layering, with a vertical displacement between 1 and 2.5 m. Due to 
the short travel distance (vertical displacement), as well as the proximity to the surrounding WR, 
the source for the clasts within the breccia has been determined to be the Manakacha Formation 
(lower breccia) and the Wescogame Formation (upper breccia). Additionally, the internal layering 
within the BB reflects the lithostratigraphy of the surrounding WR (cf. Kaibab Pipe). This layering 
indicates that the bulk composition of the material within the BB remained together, even though 
the clasts were deformed and displaced. No mixture of clasts from different sources was recorded 
for this SCBP. 
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4.1.4 Navajo Pipe 
The Navajo Pipe is an SCBP located on the Navajo Reservation in northern Arizona 
(35°56'43.82"N, 111°37'54.54"W) at an elevation of 1,493 m (Figure 11). It is exposed over a 
vertical section of 180 m in the northern canyon wall of the Little Colorado River George, a side 
branch of the Grand Canyon, 1.5 km north of the Highway 64 (Figure 37). The diameter of the pipe 
varies between 35 to 40 m of the exposed section. 
 
 
Figure 37: Photomosaic of the Navajo Pipe (red arrow) exposed in a canyon wall of the Little Colorado River Gorge on 
the Navajo Reservation (Arizona). The photograph was taken approximately from 350 m distance. 
 
In this part of the field area, the Kaibab Formation forms the surface bedrocks (Figure 38). The 
underlying Toroweap Formation and Coconino Sandstone are exposed in the canyon wall. The 
SCBP crosscuts the strata and is clearly distinct from the surrounding host-rocks. It is unknown if 
this SCBP progressed further upwards into younger formations. The field area is traversed by a 
series of steeply dipping, northwest and northeast striking normal faults (Figure 38). 
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The Navajo Pipe is an SCBP exposed in an inaccessible canyon wall. The photographs were taken 
from approximately 350 m distance, from the opposite canyon wall. The following descriptions are 
based on the interpretation made from photo-interpretative mapping (Figure 39), and field 
observations. 
 
 
Figure 38: Geologic map showing the location of the Navajo Pipe (yellow dot), located on the Navajo Reservation, 
northern Arizona (central Grand Canyon). The Navajo Pipe is exposed in the canyon wall and intersects the Coconino 
Sandstone (Pc), Toroweap Formation (Pt) and Kaibab Formation (Pkf/Pkh). Please refer to Appendices: AI.1 for the 
abbreviations of the map units. Map was modified after Billingsley et al. (2007b). 
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Figure 39: (A) Photograph of the northern canyon wall of the Little Colorado River Gorge. The arrow (red) indicates the location of the SCBP, which is partially exposed in the 
canyon. (B) Interpretation map of (A) including the labels for the different zones of a SCBP (DZ, PM, BB), and the zones within the BB (Top, Middle, Bottom Zone). On the right-
hand side there is another collapsed feature exposed in the canyon wall. 
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4.1.4.1 Deformation Zone 
In the approximately cross-sectional exposure of the canyon wall, the rocks of the Toroweap 
Formation surrounding the Navajo Pipe show brittle deformation characteristics. In this part of the 
field area the Toroweap Formation forms an indistinguishable unit of calcareous sandstone and 
sandy limestone (Table 4) (Billingsley et al., 2007a). The strata are intersected by steeply dipping 
fractures; however, no displacement of the bedding was recorded. In fact, the bedding is mainly 
undisturbed and the strata abut horizontally against the PM (Figure 39). The WR and DZ are mainly 
indistinguishable from each other. On the contrary, the strata of the limestone dominated Kaibab 
Formation are heavily affected of up to 150 m in the surrounding of the BB (Figure 39: Affected 
Area). The material within this zone is characterised by brecciation, slumping, and induced 
fracturing. Some steeply dipping normal faults show displacement of up to 3 m towards the centre 
of the SCBP. The slumped material (breccia) is composed of angular slabs and blocks of up to 5 m 
in diameter cemented within a fine-grained matrix. One large block (40 m x 40 m) subsided for 
approximately 14 m within this zone in the direct vicinity to the PM (Figure 39: Collapsed feature). 
The current topographic surface is characterised by the formation of a circular depression of 130 m 
to 150 m in diameter surrounding the centre of the pipe. The strata within this zone dips towards the 
centre of collapse (Figure 39). 
 
 
4.1.4.2 Pipe Margin 
The BB of the Navajo Pipe is separated from the DZ by a narrow region (less than 5 m) of intense 
shear flowage and deformation. It consists of a dense system of steeply dipping fractures and faults 
at the immediate contact with the BB. This zone, defined as the PM, surrounds the BB and is the 
final position in the SCBP where primary host-rock textures can be identified before the fully 
mobilised broken rock of the BB is encountered (Figure 40). The material within this zone is altered 
(Figure 40 – notice the lighter colour of the PM in comparison to the BB). Occasionally some clasts 
of the host-rocks are preserved within this zone and were rotated along their long axes to lay 
parallel to the fault planes within the PM (Figure 41). 
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Figure 40: (A) Photo of a traverse section from the DZ to the BB (right to left) of the Navajo Pipe within the Toroweap 
Formation. (B) Interpretation map of (A) showing the clasts of the BB (left), PM (middle) including the characteristic 
vertical fracturing, and the DZ to the right. In this section, the DZ and WR are indistinguishable from each other. 
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Figure 41: (A) Close-up of the PM at the western margin of the Navajo Pipe. (B) Interpretation map of (A). Note: The 
clasts (blue shapes) were rotated along their long axes and lay parallel to the high angle fractures in the PM. 
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4.1.4.3 Breccia Body 
The outcropping part of the BB shows considerable variation in the composition, size, shape, 
orientation and distribution of contained breccia clasts. It can be subdivided vertically into three 
distinct regions (with reference to their relative positions in this exposure) (Figure 39).  
 
(1) Top Zone: smaller, sub-angular breccia clasts comprised mainly of limestone and siltstone 
(Kaibab Formation) 
(2) Middle Zone: no visible breccia clasts, with well-defined contact with both upper and lower 
zones 
(3) Bottom Zone: large, angular breccia clasts comprised mainly of sandstone and sandy 
limestone (Toroweap Formation) 
 
(1) Top Zone 
The top zone of the BB has a vertical extent of 42 m and the width varies between 31 m at the top to 
29 m at the bottom. The breccia is characterised by a matrix-supported breccia with angular to sub-
angular, poorly sorted, yellow to light brownish fragments of limestone, sandstone, siltstone, and 
other lithic fragments (Figure 42). The limestone clasts are the major component with sizes varying 
between small cobbles up to large boulders of several meters across. The largest fragment observed 
has an exposed surface measuring 5.5 x 2.6 m (Figure 42A). Some of the larger limestone 
fragments preserve original depositional bedding planes, which allow for correlation with the 
surrounding WR strata. The sand- and siltstone clasts are less abundant and vary in sizes between 
pebbles to cobbles. Clasts of carbonate (e.g. calcite, <1 cm) and silicate minerals (e.g. quartz, chert, 
up to 10 cm) are present in minor amounts (Figure 42B-D). 
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Figure 42: Close-up of the breccia from the upper section. (A) Large limestone (LS) clasts. (B) Limestone clasts, minor 
amounts of fragmented silt, sandstones and silicate minerals embedded into a fine matrix material. (C) Limestone clasts 
and chert fragments. (D) Hand-specimen composed of limestone, siltstone, sandstone (SS) with fragments of quartz, 
chert and minor amount of calcite minerals. 
 
Field observation and hand specimen analysis showed that the matrix is composed of fine- to 
medium-grained calcareous material filling the space between the clasts (Figure 42D).  
 
 
(2) Middle Zone 
The middle zone of the BB has a vertical extend of 52 m and varies in width between 29 m at the 
top to 40 m at the bottom (Figure 39). This zone of the BB marks the boundary between the upper 
zone, which is mostly comprised of limestone clasts derived from the Kaibab Formation, and the 
lower zone, which is comprised of large angular clasts derived from the adjacent Toroweap 
Formation. The zone is composed of a grey- to light-brown homogeneous fine-grained material 
with no visible clasts at the range of the available imagery. Depositional bedding is still preserved 
and allows for correlation with the surrounding host-rocks. The rocks appear fractured along 
horizontal bedding planes and vertical jointing, which causes sharp angular edges (Figure 43). Due 
to the lack of clast development and preserved bedding, this transition zone could possibly be 
comprised of cavern infill.  
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Figure 43: Interpretation map of the middle zone with bedding planes and vertical jointing. No brecciation occurs in this 
section of the BB. 
 
 
(3) Bottom Zone 
The bottom zone of the exposed BB has a vertical extent of 90 m and the width varies between 40 
m at the top to 36 m at the base of the exposure, where it passes into the underlying Coconino 
Sandstone that forms the floor of the canyon (Figure 39).  
This zone is composed of angular to sub-angular, poorly sorted, yellow to light brownish sandstone 
and sandy limestone clasts, varying in size from cobbles to boulders (in which larger fragments are 
more angular, and smaller fragments are more rounded). The breccia is ‘chaotic’ with no internal 
organisation. The largest fragment observed has a cross-sectional area of 8.2 x 4.2 m and preserve 
depositional bedding (Figure 44). The lighter-coloured matrix surrounding the clasts appears to be 
fine-grained material from the same source. However, due to inaccessibility of the zone, a detailed 
analysis of the matrix composition cannot be provided and the mineralogy of the cement is 
unknown. 
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Figure 44: (A) Traverse section from the WR to the BB of the bottom zone (WR = Toroweap Formation). (B) 
Interpretation map of (A). Large clasts with preserved internal bedding occur within the BB. Within the DZ (width: <5 
m) the rocks are slightly affected by high angle fractures. Within the PM, some clasts are present, which were rotated 
for about 90° in respect to their depositional (horizontal) orientation. 
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4.1.4.4 Interpretation 
The dominant source of the breccia clasts in the upper zone was the limestone dominated Kaibab 
Formation. The clasts in this zone are generally more rounded and smaller than the clasts within the 
lower zone. This could be a possible result of enhanced dissolution and abrasion along the edges of 
the limestone clasts during the movement of the broken material prior to lithification. The source of 
the material in the central zone was likely to have been the boundary region between the Toroweap 
and Kaibab Formations. The source of the clasts in the lower zone was the lime- and sandstone 
dominated Toroweap Formation. The absence of size sorting and the angularity of the fragments 
(angular to sub-angular), suggests a proximity to the source. Even though the Coconino Sandstone 
encompasses the lower part of the SCBP. No change in the clast lithology was observed within the 
BB. Therefore, the clasts from the Toroweap Formation must have subsided for at least 40 m into 
the underlying Coconino Sandstone void within the BB. The lighter coloured matrix suggests 
oxidation events, which were caused by downward percolation of meteoric fluids through the BB. 
The rocks surrounding the upper part (Kaibab Formation) of the SCBP are affected by collapsing 
mechanisms and show a circular depression surrounding the centre of collapse. The rocks within 
this zone are altered and indicate enhanced meteoric water movement, which may be enhanced due 
to the deformed rocks in the subsurface and due to the surface depression, forming a natural 
catchment area. The collapsed block in the vicinity to the PM indicates secondary collapsing events 
post pipe emplacement. The deformed rocks and induced fractures in the DZ increase the porosity, 
which favours meteoric water movement and may cause further dissolution of soluble rocks (e.g. 
carbonates). This may lead to subsidence of the overlying material and could cause the formation of 
collapse structures, such as sinkholes.  
The PM is characterised by a frequency dense zone of vertical fractures and shear flow. 
Occasionally some clasts of the host-rocks are preserved within this zone. The clasts located to the 
margins show heavy rotational movement of up to 90° and lay along the long axes approximately 
parallel to the PM. This indicates enhanced bulking and an increase in porosity along the edges of 
the BB, which favours the movement of finer grained material.  
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4.2 Mineralised Solution Collapse Breccia Pipes (Uranium Mines) 
4.2.1 Pinenut Mine 
The Pinenut Mine is a uranium mine established in a mineralised SCBP. The pipe is located in 
northern Arizona (36°30'11.98"N, 112°43'56.53"W), approximately 17 km north of the northern 
rim of the Grand Canyon and 50 km SW of Fredonia, at an elevation of 1,663 m (Figure 11). The 
pipe is exposed on the surface as a shallow circular depression of 600 m in diameter that lays 5 m to 
10 m below the surrounding topography (Reid and Rasmussen, 1990). The Kaibab Formation forms 
the surface bedrocks (Figure 45). The Pinenut Pipe has been developed as an underground mine and 
an orebody has been extracted at the stratigraphic level of the Hermit Formation. 
 
Figure 45: Geologic map showing the location of the Pinenut Pipe/Mine (blue dot), located in northern Arizona 
(northern rim of the Grand Canyon). The Pinenut Pipe is exposed as shallow circular depression on the surface (Kaibab 
Formation: Pkh). Please refer to Appendices: AI.1 for the abbreviations of the map units. Map was modified after 
Billingsley et al. (2008). 
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Energy Fuels Inc. allowed access to the production level of the mine (stratigraphic level of the 
Hermit Formation), were several key observations of the character of the breccia complex forming 
the BB were made, including: 
 
• Sharp, angular to sub-angular siltstone clasts (Hermit Formation) within a coarser matrix,  
• The relatively restricted occurrence of high grade U ore in laminated sand zones formed as 
an apparent breccia infill of particular parts of the BB (interpreted as porous zones), 
• The style and appearance of alteration developed in the WR of the deposit (similar to that 
seen in the rocks of Kaibab Pipe (Supai Group)),  
• Bulk composition of material within the BB remains together. 
 
 
4.2.1.1 Deformation Zone 
The host-rocks surrounding the Pinenut Pipe were affected by the collapse, alteration and 
deformation. The horizontal extent of this zone is unknown. However, the surface expression of the 
pipe is a circular depression of 600 m in diameter (Reid and Rasmussen, 1990). Alteration of the 
rocks has been recorded peripheral to the pipe. Figure 46A shows an example of an alteration front 
in the DZ within the siltstone unit of the Hermit Formation adjacent to the Pinenut Pipe. Here the 
unaltered red siltstone partially underwent heavy alteration and was bleached to a greyish-white 
colour. Figure 46B shows another example of this alteration front. Additionally the unaltered rock 
(upper section) shows grey alteration patches.  
 
    
Figure 46: Alteration front in the Hermit Formation adjacent to the Pinenut Pipe. Unaltered siltstone (red), altered 
siltstone (grey), dashed line indicates the alteration front. (A) The alteration front clearly demarcates the altered and 
unaltered rocks. (B) Altered patches of grey siltstone can be seen within the unaltered red siltstone zone. (Pictures were 
taken underground at the Pinenut Mine). 
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The DZ is characterised by vertical fracturing of the host-rock (Figure 47). Significant amounts of 
U ore were concentrated within the immediate vicinity of the pipe (below the contact of the 
Coconino Sandstone and Hermit Formation).  
 
 
Figure 47: (A) Close-up of the DZ (Hermit Formation). (B) Interpretation map of (A). The purple lines indicate vertical 
fracturing of the host-rock. (Picture was taken underground at the Pinenut Mine). 
 
 
4.2.1.2 Pipe Margin 
The PM is characterised by intense vertical fracturing and shearing (Figure 48A and B), 
demarcating the DZ from the BB. Apart from the deformation, this zone is also affected by 
hydrothermal bleaching and further hosts U ore in the siltstone (Hermit Formation) below the 
contact with the Coconino Sandstone. The vertical movement of the broken material within the BB 
drags along the edges of the DZ, which causes shearing of the material within this zone, such as 
along the edges of clasts (Figure 48C and D). In general, the rocks are highly strained in 
comparison to the adjacent rocks of the DZ. Additionally the clasts tend to rotate around their long 
axes and lay parallel to the PM. 
The U ore is concentrated around the PM towards the south of the SCBP. The mineralisation starts 
below the contact of the Coconino Sandstone and Hermit Formation and extends downwards for 
179 m. Mine geologists have mapped a sandstone contact (sheet sand body) within the Hermit 
breccia (green shape) (Figure 49). 
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Figure 48: (A) PM within the Hermit Formation. The BB is located towards the left-hand side of the picture. The grey 
siltstone is altered, whereas the red siltstone is still oxidised, the yellow indicates goethite coating. (B) Interpretation 
map of (A) showing the intense vertical fracturing within the PM. (C) Close-up of shearing within this zone. The upper 
clasts is oriented parallel to the PM along the long axis (D) Interpretation map of (C) showing the shearing of a siltstone 
clasts along the edges and orientation of the clasts. (Picture was taken underground at the Pinenut Mine). 
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Figure 49: 3D model of the SCBP (3D model modified by Webster (2015b), after Germansen (2015a)). The coloured 
shapes indicate the contact zones between the formations within the BB. Note: the lithostratigraphy of the host-rocks is 
maintained within the BB. Below the contact of the Coconino Sandstone and the Hermit Formation (green shape) the U 
concentrations starts and extends for 179 m downwards. 
 
 
4.2.1.3 Breccia Body 
Vertical drilling within the BB has shown that the bulk composition of the breccia within the BB 
reflects the stratigraphic sequence of the surrounding host-rocks and that clasts of the same wall 
rock unit generally remain together within the BB (Figure 49). The top of the pipe is filled by 
altered grey siltstone clasts up to a depth of 100 m (Reid and Rasmussen, 1990). Further below the 
composition of the BB changes to limestone and siltstone dominated clasts for about 90 m (Reid 
and Rasmussen, 1990). From 190 to 300 m the BB is composed of sandstone clasts (Reid and 
Rasmussen, 1990). Below 300 m (where the Pinenut Mine has been developed), the infill material 
of the breccia is composed of red siltstone clasts. The clasts are angular to sub-angular in shape and 
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embedded within a sandy, coarser matrix material filling the gaps. Some of the clasts show hairline 
fractures. These fractures are filled with a coarser material, which is similar to the matrix material. 
The size of clasts varies from small cobbles up to clasts, which are several meters across (pers. 
comm., Germansen, 2015b). The clasts show various alteration with some clasts being completely 
altered to a greyish/white siltstone, whereas other larger clasts show an alteration halo around their 
edges and remain their red centre (Figure 50).  
 
 
Figure 50: Figure shows sub-angular red and grey siltstone clasts within a yellowish fine to medium-grained matrix. 
The smaller clasts are completely altered, whereas the bigger clasts show a grey alteration halo along the edges. (Picture 
was taken underground at the Pinenut Mine).  
 
Significant amounts of U ore is hosted within granular, weakly friable medium-grained laminated 
sand units within the BB (Figure 51 and Figure 52). Figure 51 shows the U mineralised in situ in 
the walls of the mine stope, whereas Figure 52 shows hand specimen of the U ore from the Pinenut 
Mine. 
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Figure 51: High-grade black U ore (uraninite) hosted within granular, weakly friable medium-grained laminated sand 
unit within the BB complex. Other yellow uranium ore minerals are associated with the uraninite (eg. Autunite, 
Carnotite). 
 
 
Figure 52: Picture shows samples of black, high-grade U ore within a finely laminated sandy infill of the breccia matrix 
from the Pinenut Mine (picture courtesy of A.Webster). 
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4.2.1.4 Interpretation 
The clasts within the BB show compositional differences to the immediate surrounding WR, 
indicating that the clasts derived from a different stratum approximately 100 m above the current 
position. However, the bulk composition of the material within the BB was maintained.  
The siltstone clasts at the top of the BB (up to 100 m depth) differ from the surrounding WR of the 
Kaibab Formation (calcareous sandstone and limestone). The source of the clasts has been 
determined as the Moenkopi Formation (Reid and Rasmussen, 1990). Further below the source of 
the limestone and siltstone clasts has been determined as the Kaibab Formation (100 to 190 m 
depth). From 190 to 300 m the sandstone clasts derived from the Seligman Member (Toroweap 
Formation) and Coconino Sandstone (Reid and Rasmussen, 1990). 
Below 300 m, where the Pinenut Mine has been developed, the source for the siltstone clasts has 
been identified as the Hermit Formation. However, the coarser sandy material filling the gaps 
derived from a different stratum (possibly the overlying Coconino Sandstone). 
The pipe infill was partially affected by the reduction of the material. Reducing fluids passed 
through the open space between the clasts or matrix material and caused bleaching of the clasts and 
matrix. The bleaching indicates an increased porosity within the BB. 
The deformation in the rocks surrounding the BB was probably caused due to void development in 
the BB and induced fracturing in the surrounding rocks. The U is mainly concentrated within the 
centre of the pipe, at the PM and within the deformation zone towards the south. These zones reflect 
highly porous regions and allowed fluids to flow through the pipe, and hence are significant 
locations of U deposition. Five samples of the Pinenut U ore gave age dates of >220 Ma, ranging up 
to 254 ± 21 Ma indicating that the U was introduced in the SCBP at ≥260 Ma. However, three other 
samples gave a much younger age date of 155 to 165 Ma. These samples suggest a later period of 
mineralisation, or U remobilisation, even though they were taken within 2 m of the older samples 
and are similar in mineralogy and texture (Ludwig and Simmons, 1992). 
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4.2.2 Orphan Mine 
The Orphan Pipe is an SCBP located on the south rim of the Grand Canyon (36°4'14.43"N, 
112°9'4.89"W) at an elevation of 2,139 m, approximately 2 km to the northwest of the Grand 
Canyon Village visitors centre (Figure 11). The Orphan Pipe extent across the stratigraphic interval 
from the Redwall Limestone, through the Supai Group, the Hermit Formation and into the 
overlying Coconino Sandstone, where it crops out in the canyon wall of the southern rim of the 
Grand Canyon (Figure 53) (Gornitz and Kerr, 1970; Chenoweth, 1986). The area is traversed by 
northeast striking normal faults (e.g. Bright Angel Fault) and perpendicular developed northwest 
striking normal faults. There is no evidence which indicates that the overlying younger formations 
(Toroweap Formation and Kaibab Formation) were penetrated by the SCBP (Gornitz and Kerr, 
1970). Drilling into the underlying units confirmed that the pipe originates within the middle part of 
the Redwall Limestone (Chenoweth, 1986). Hence the Orphan Pipe has a minimum vertical extent 
of 505 m (Chenoweth, 1986). The width of the pipe varies along its vertical appearance and is 
widest within the Supai Group (about 165 m) and narrows down to 50 m within the Hermit 
Formation (Gornitz and Kerr, 1970). 
The information from the Orphan Pipe was collected from published literature and 3D 
reconstruction of the internal anatomy from published underground mapping and survey plans 
(Figure 54). Mine geologists recorded the following important information about the internal 
anatomy of the pipe at the mine level (Supai Group) (Figure 54): 
 
• Breccia clast size, shape and lithology including,  
o Calcareous sandstone pipe fill, 
o Siltstone and shale breccia zones, 
o Massive sandstone pipe fill. 
• The extent of alteration surrounding the pipe, 
• Faults and joints, 
o The extensively mineralised ‘annular ring fractures’ in the host-rock at the 
immediate margin of the BB (deformation zone). 
o A later generation of jointing that transacted the now lithified broken rock and 
matrix of the BB.  
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Figure 53: Geologic map showing the location of the Orphan Pipe/Mine (blue dot), located on the south rim of the 
Grand Canyon, Arizona (central Grand Canyon). The Orphan Pipe is exposed in the canyon wall an intersects the Supai 
Formation (MPu), Hermit Formation (Ph) and Coconino Sandstone (Pc). Please refer to Appendices: AI.1 for the 
abbreviations of the map units. Map was modified after Billingsley (2000a). 
92 
 
 
Figure 54: 3D model of the Orphan Mine reconstructed from detailed underground mapping and survey plans published 
by Gornitz and Kerr (1970) (3D model created by Webster (2015c)). This mapping information and the survey plans of 
the other mine levels were used as the basis of a 3D reconstruction of the internal anatomy of the pipe structure to better 
understand the internal geology of the breccia complex that now forms the BB. The blue and purple lines indicate the 
DZ surrounding the BB. The yellow shapes indicate the breccia within the SCBP, and the red shapes indicate the U 
concentration. 
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4.2.2.1 Deformation Zone 
The host-rocks surrounding the Orphan Pipe were affected by the collapse by deformation and 
alteration. The actual horizontal extent of this zone is unknown. However, the alteration extends 
outwards from the PM and caused bleaching of the host-rocks, which varies in width from 6 m 
(Hermit Formation) to 17 m (Esplanade Sandstone) within the mined area (Figure 55). The 
bleaching is marked by a colour change of the host-rocks from red to pinkish/white. Coarse-grained 
calcite and dolomite cement may also be present in the bleached zone. Analyses show that the 
bleaching is the result of a decrease in Fe2O3, a change in FeO and an increase in CaCO3 (Davidson 
and Kerr, 1966). 
 
         
                       (A)        (B) 
Figure 55: (A) Cross section of the Orphan Mine showing the shape of the SCBP (looking towards East) (modified after 
Gornitz and Kerr, 1970). The purple lines indicate the PM of the SCBP. The dotted lines indicate the outer zone of the 
DZ. This zone is characterised by bleaching. (B) Plan view of the Orphan Mine (3D model created by Webster 
(2015c)). The purple lines indicate the inner; the blue lines indicate the outer boundary of the DZ.  
 
 
4.2.2.2 Pipe Margin 
Key features of the breccia complex recorded by mine geologists are well-defined ‘annular ring 
fractures’ that surround the BB and mark the region of most intense WR deformation on the 
immediate margins of the breccia column (Gornitz and Kerr, 1970; Chenoweth, 1986). These 
annular fractures enhance fluid movement, which causes alteration of the host-rock and are 
strongly U mineralised (Figure 56) (Gornitz and Kerr, 1970). The subsidence and downward mass 
movement of the fragmented material within the BB caused intense shearing and dragging of the 
host-rocks at the margins of the mobile breccia column (Gornitz and Kerr, 1970), resulting in the 
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development of the PM. The PM demarcates the fragmented rock and matrix of the BB from the 
deformed host-rocks of the DZ.  
 
 
Figure 56: Plan view of the Orphan Mine (3D model created by Webster (2015c)). The blue lines indicate the outer and 
the purple lines indicate the inner boundary of alteration. This zone is also characterised by ring fractures surrounding 
the immediate margins of the BB. The red shapes indicate the U mineralisation at the PM and within the DZ (N/NE) of 
the Orphan Pipe. 
 
 
4.2.2.3 Breccia Body 
The Orphan Pipe possesses a well-defined central BB comprised of formerly mobile fragmental 
rock and finer matrix that is now lithified. It is sharply demarcated from the surrounding DZ by 
the PM and varies in thickness from 165 m in the upper Supai Group (Esplanade Sandstone) to 
50 m within the Hermit Formation in the mined area.  
Several lithologies are recognised in the BB and can be separated into three distinct breccia 
compositions (Gornitz and Kerr, 1970). 
 
• Type 1: Calcareous sandstones with up to 50% carbonates, cemented by coarse carbonate 
crystals and located at the contact with the PM (Figure 57A).  
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• Type 2: Siltstone, shale, mudstone and argillaceous limestone clasts in a calcareous 
sandstone matrix, mostly concentrated along the edges of the outer core of the BB next to 
the PM (Figure 57B). 
• Type 3: Massive fine-grained quartz sandstone composed of 90% quartz at the centre of the 
BB (Figure 57C). Material is markedly different in composition from the siltstone and shale 
clast-dominated margin of Type 2.  
 
The clast sizes within the BB varies from a few millimetres to several meters and the intensity of 
fragmentation increases downwards, especially below the boundary of the Hermit Formation and 
the Supai Group (Gornitz and Kerr, 1970). 
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Figure 57: Plan view of the Orphan Pipe (A) Type 1: Calcareous sandstone, located towards the PM. (B) Type 2: 
Siltstone and shale clasts mostly concentrated towards the edges of the BB. (C) Type 3: Massive sandstone filling the 
centre of the SCBP (3D model created by Webster (2015c)). 
 
 
4.2.2.4 Interpretation 
The lithological characteristics of the sandstones in the BB at stratigraphic level of the Supai Group 
(mine level) are different from the sandstone unit in the upper formation of the Supai Group 
(Esplanade Sandstone), but show compositional similarities to the sandstone of the Coconino 
Sandstone, indicating that the clasts were subsided 207 m below their original position.  
The limestone clasts within the BB (mine level) originated from limestone layers within the Supai 
Group (Manakacha Formation, Watahomigi Formation) and only subsided for a short distance. 
The shales, mudstones and siltstone clasts were likely to have derived from the overlying Hermit 
Formation and surrounding shale and siltstone dominated layers within the Supai Group 
(Wescogame Formation, Watahomigi Formation). The proximity of the clasts to their original 
position indicates only minor subsidence. The short displacement of the limestone, and to some 
extent shale and siltstone clasts, suggests that the fragments were subject to interlocking and void 
development, which allowed the finer sand grains of the overlying Coconino Sandstone to 
percolate downwards through the open spaces within the BB. 
The geometry of the U ore stopes of the Orphan Mine is likely to reflect highly porous zones of the 
SCBP, where the mineralised fluids were able to flow. The mapping and 3D modelling has revealed 
two major locations, which are host to the U ore, the ‘annular ring fractures’ at the PM, and the 
sandy matrix of the broken rock within the BB (sand dominated zones), which were most apparent 
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as highly porous (Figure 57). Observations of the high-grade U ore made underground at the 
Pinenut Mine support this view (see Pinenut Mine, section: 4.2.1). Recent U/Pb dating of the 
uraninite of several uranium mines across the Colorado Plateau, have shown two significant age 
dates of 260 Ma and 200 Ma years ago (Ludwig and Simmons, 1992; Wenrich and Titley, 2008).  
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4.3 Solution Cavern 
Based on general cave formation in the Redwall Limestone and proposed formation of SCBPs (see 
section: 2.8.3), un-collapsed caverns were studied. The following descriptions of the geology of the 
caverns and possible collapsing mechanisms are based on several sources, including:  
 
• Caverns now exposed in cross-section in the walls of the Grand Canyon and its side 
branches (e.g. exposed to the west of the South Kaibab Trail, see section: 4.3.1), 
• Observations made in a publically accessible cavern system in the Redwall Limestone 
(Grand Canyon Caverns, see section: 4.3.2), and 
• Published scientific literature about solution caverns in the Redwall Limestone (e.g. Sutphin 
and Wenrich, 1989; Hill and Polyak, 2010). 
 
One example of a solution cavern is exposed in the upper third of the cliff-forming Redwall 
Limestone, approximately 20 m below the contact with the overlying Watahomigi Formation (lower 
Supai Group) (see section: 4.3.1), and The Grand Canyon Caverns developed in the Redwall 
Limestone and are accessible for a distance of 210 m (see section: 4.3.2). 
 
 
4.3.1 Solution Cavern close to the South Kaibab Trail 
The solution cavern close to the South Kaibab Trail is exposed in the upper third of the cliff-
forming Redwall Limestone, approximately 20 m below the contact with the overlying Watahomigi 
Formation (lower Supai Group). The cavern can be seen to the west along the South Kaibab Trail in 
the proximity to the Kaibab Pipe (36° 3'42.77"N, 112° 5'52.68"W) (Figure 11 and Figure 58). The 
area is traversed by northwest striking normal faults (Figure 58). 
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Figure 58: Geologic map showing the location of the Solution Cavern (orange dot), in the vicinity to the Kaibab Pipe 
(yellow dot), located adjacent to the South Kaibab Trail, Arizona (central Grand Canyon). The Solution Cavern is 
exposed in the canyon wall (Redwall Limestone: Mr). Please refer to Appendices: AI.1 for the abbreviations of the map 
units. Map was modified after Billingsley (2000a). 
 
In outcrop, the cavern has an elliptical shape and is widest at the bottom with a width of 25 m in 
cross-sectional view (Figure 59, Figure 60). Due to its shape, the height varies accordingly and is 
about 10 m high at the centre of the cavern. The bottom of the cavern is covered by loose 
fragmented material with larger blocks up to 1.8 m in diameter. Below the current cavern floor, the 
material in the sub-surface is characterised by debris and sedimentary cavern fill for a depth of 27 
m. The width of this zone filled by debris varies between 20 m at the top to 15 m at the bottom. The 
shape of the debris infill narrows approximately 12 m below the current caverns floor to about 10 
m, resulting in an hourglass shape of filled sediments and debris. Some bedding is preserved within 
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the cavern fill and can be traced across the cavern, indicating a vertical displacement of 1 to 2 m. 
Within the cavern fill some larger clasts of 1.8 to 3.5 m occurred. 
 
 
Figure 59: Photo-mosaic of a solution cavern in the upper part of the Redwall Limestone. The cavern is exposed in the 
canyon wall in the proximity to the Kaibab Pipe and can be seen to the west along the South Kaibab Trail. 
 
The rocks surrounding the cavern infill and overlying solution cavern are deformed and show brittle 
deformation characteristics. Steeply dipping normal faults developed up to 32 m aside from the 
cavern. The strata are displaced along these fault planes for up to 2 to 3 m towards the bottom of the 
cavern infill. The surrounding beds start dipping towards the collapse structure at a distance of 
about 20 m (Figure 60). 
The rocks in the vicinity of the current cavern show a high frequency of small spaced vertical 
jointing on top of the cavern back. Circularly developed, shallow dipping fractures were observed in 
the surrounding rocks, which dip radially away from the cavern and form a bell-shape arch of 
fractures in the cavern back. These shallow dipping fractures (possibly induced stress 
fractures/jointing) affected the rocks of up to 20 m aside the void. However, on top of the cavern, 
the rocks are only affected for a distance of up to 6 m. The unit overlying the deformed rocks is 
characterised by a thick bed of competent material (limestone) and proportional widely spaced, 
vertical jointing. No deformation or induced jointing was recorded within this unit (Figure 60). 
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Figure 60: Interpretation map of Figure 59. The yellow shade indicates the cavern fill, whereas the grey shade indicates the current cavern. Note: arcuate stress-induced fractures 
developed in the surrounding rocks on top of the cavern. The overlying, thick bedded unit is unaffected by any deformation processes. 
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4.3.1.1 Interpretation 
The debris material indicates that the initial void of the solution cavern was approximately 27 m 
below the current cavern. At this depth, a solution cavern developed in thin to medium-bedded 
limestone units. After the cavern exceeded a certain size, the overlying rock caved into the void and 
initiated an upward progression through the overlying rock units. This was the beginning of the 
development of an SCBP. The caved system progressed upwards for about 32 m. The void 
development and ceiling collapse is associated with increasing stresses in the overlying and 
surrounding rocks, which resulted in induced fracturing, stress arching, and steeply dipping 
fractures and jointing. Particularly the rock mass in the cavern back was affected by induced 
jointing and circularly developing fractures surrounding the cavern due increased stresses. After 38 
m, the caved system encountered a thick-bedded, competent unit of limestone. The size and shape 
of the underlying void was too small to exceed the hydraulic radius (area/perimeter) of this unit, 
which acted as a natural beam and prevented the rock mass from caving. The debris material filled 
the void of the cavern and thus supported the surrounding and overlying rock mass. Therefore, the 
cavern stalled and the SCBP stopped developing, forming a solution cavern in the Redwall 
Limestone approximately 27 m above the initial origin. 
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4.3.2 The Grand Canyon Caverns 
The Grand Canyon Caverns are located south of the historic Route 66 in northern Arizona 
(35°31'5.01"N, 113°13'7.89"W) (Figure 11 and Figure 61). It is a publically accessible cavern 
system formed within the Redwall Limestone, which was visited during the fieldwork. The surface 
bedrocks are developed by the lower Supai Group (Figure 61). The map area is traversed by 
northwest striking normal faults and synclines. According to the map, the accessible part of the 
cavern was explored for 210 m along northwest strike and developed perpendicular to the local fault 
set (Figure 62). 
 
 
Figure 61: Geologic map showing the location of the Grand Canyon Caverns (orange dot), located in northern Arizona. 
The cavern system is developed within the Redwall Limestone. Please refer to Appendices: AI.1 for the abbreviations 
of the map units. Map was modified after Billingsley et al. (2006a). 
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Figure 62: Tourist Map of the Grand Canyon Caverns in northern Arizona. The map shows a plan view of the 
developed cave system, which can be accessed during a tourist tour (drafting by Ray Keeler). 
 
The width of the cavern system varies between 15 to 25 m. The ceiling forms an arcuate shape and 
is highly deformed by intersecting joints and fractures (Figure 63). The average height varies 
between 6 and 12 m throughout the cavern with occasionally higher sections towards the centre of 
the cavern system (e.g. Mammoth Dome). Some chimneys developed along joint sets and stoped 
upwards up to 43 m through the overlying rocks (Figure 64). The WR surrounding the void are 
composed of layered limestone units, which are characterised by dense jointing and intersecting 
faults (Figure 65). Some previously open joints, as well as the void between some small fragmented 
materials, were filled by a fine-grained limy matrix (Figure 66). The cavern floor is made out of 
prior collapsed material, which is filling the void underneath (Figure 63 and Figure 65). The size of 
the blocks varies between small pebbles of up to large, angular limestone blocks of 1.5 to 2 m in 
diameter. The tabular shape of the fragments on the cavern floor reflects the outline of the blocks, 
which are still attached to the WR and ceiling. 
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Figure 63: Arching in the cavern back, which was likely caused by induced stresses. The geometry of the cavern is 
structural controlled along joints and bedding. Bedding plane failure influences the ceiling’s geometry. The cavern floor 
is covered by detached blocks from the ceiling (picture courtesy of A.Webster). 
 
The true 3D geometry of the cavern is unknown due to the missing information about the actual 
depth to which the filled void extends below the current floor. However, the floor of the caverns has 
an irregular shape. At the entrance (south-western end) and Devil’s Den (north-eastern end) the 
cavern floor is 63 to 64 m respectively below the surface, whereas the floor at the centre of the 
cavern system lies only 34 m below the surface, indicating an irregular, arcuate relief of the current 
cavern floor.  
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Figure 64: Upward stoping chimney along parallel developed, vertical joints in the cavern wall (dashed lines). Note: 
Dome structure developed up to 43 m (142 ft) above the current cavern floor (see inlay, bottom left) (picture courtesy of 
A.Webster). 
 
Figure 65: Dense jointing in the sidewall of the cavern (dashed lines). The bottom is covered with collapsed blocks 
(bottom right) (picture courtesy of A.Webster) 
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Figure 66: Highly jointed ceiling of the cavern with predefined blocks still attached to the cavern back. The open joints 
were filled by a fine-grained limy matrix material. Some fragments were crushed into smaller pieces (bottom half of the 
picture to the left) (picture courtesy of A.Webster).  
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4.3.2.1 Interpretation 
After the onset of solution caverns, due to the dissolution of soluble rocks along intersecting faults 
and joints (see section: 2.8.3), discontinuities within the Redwall Limestone were an important 
component of the failure mechanisms operating during the formation of the cavern system. The 
study has shown that the development of the void and collapse of the rock mass is associated with 
failing along bedding, fault and joint planes. As the void became wider, stress failure and gravity 
started to interact with the developing void and discontinuities in the rock mass, which caused an 
increase of horizontal stresses. High stresses localised in the ceilings may have contributed to the 
development of fracture networks and stress-induced deformation, which enhanced the fracturing of 
the overlying rock mass. The ceiling is distinctly arched and induced stress-fractures are visible in 
many parts of the cavern back and surrounding WR. The dense jointing had a significant impact on 
the caveability and fragmentation of the rock mass, since the study has shown that the collapse of 
the material is controlled by in situ and induced discontinuities, as well as bedding plane failure. 
The floor of the cavern is covered by collapsed debris with tabular shaped fragments of varying 
sizes, which reflect the pattern of discontinuities in the surrounding rocks mass and thus confirms 
the impact of structure on block formation. The cavern developed laterally perpendicular to the 
strike of the local fault systems. The walls were formed along multiple joint sets and faults, with 
some likely to be stress induced during the cavern development. This shows that the 3D architecture 
and geometry of the cavern are structural controlled and corroborate impact on structure of the 
cavern formation. 
 
 
4.3.3 Summary of the Observations (Solution Caverns) 
The cavern exposed in the Redwall Limestone in the proximity to the Kaibab Pipe, as well as the 
Grand Canyon Caverns are interpreted to be solution caverns, which did not propagate upwards in 
any significant way to form SCBPs. They may have been stalled by accumulated debris filling the 
void and thus supporting the surrounding rocks, failed to reach a large enough hydraulic radius to 
cause the collapse of the cavern back or there may have been a strong stratum of competent rock, 
acting as a natural barrier for further upward progression. However, this study has shown that 
failing mechanisms are largely structural controlled. Examination of the caverns ceiling and 
surrounding rock indicated that the rock mass is failing along fractures, in situ and induced jointing, 
as well as bedding planes of the stratified host-rock. Increasing stresses due to the developing void 
are likely to have enhanced the dense fracturing of the rock mass. 
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4.4 Sinkholes 
4.4.1 Devils Kitchen 
The Devils Kitchen is a sinkhole located in Sedona, Arizona (34°53'11.72"N, 111°46'57.12"W), 
along the Soldier Pass Trail, approximately 2,621 m north of the U.S. Highway 89A, at an elevation 
of 1,358 m (Figure 11). In this part of the field area, the Schnebly Hill Formation (Permian), a 
massive sandstone (Lindberg, 2010), forms the topographic surface, where the Devils Kitchen is 
exposed. The area is traversed by a series of northwest trending linear fracture patterns, which are 
largely prominent in the surface bedrocks (Figure 67).  
 
Figure 67: Geologic Map of the Sedona area in central Arizona, showing the different geological units, important faults 
of the region and surface lineaments interpreted from aerial photography. The green dot indicates the location of the 
Devils Kitchen southwest of a northwest striking normal fault (modified after DeWitt et al., 2008). Please refer to 
Appendices: AI.1 for the abbreviations of the map units. 
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The sinkhole has a north/south extending rectangular shape of 40-50 x 30 m. The depth varies 
between 12 and 18 m. Previous research related the formation of the Devils Kitchen with a cave 
system developed in the underlying Redwall Limestone (cf. SCBP) (Lindberg, 2010). The sinkhole 
broke through the surface in the early 1880s (Lindberg, 2010). The bottom of the sinkhole is 
covered with loose fragmented material of the former overlying surface and surrounding WR. In 
1989 a large trapezoidal block (9.5 x 10.5 x 6.5 m) collapsed from the northern wall (Lindberg, 
2010), which can easily be recognised on top of the rock pile (Figure 68). The initial size of the 
block was approximately twice as big. After it hit the bottom of the sinkhole it landed on top of 
smaller blocks and further broke along a bedding plane about 6.5 m below the top of the block. 
Additionally the blocks shows some opening along pre-existing joints. 
 
 
 
Figure 68: Devils Kitchen in Sedona, Arizona. Note: the large trapezoidal boulder, which collapsed in 1989. 
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4.4.2 Eagle Sink 
The Eagle Sink is a sinkhole located in southern Utah (37° 2'39.98"N, 112° 9'3.50"W), 
approximately 33.3 km east of Kanab and 3.6 km southeast of the U.S. Highway 89, at an elevation 
of 1,791 m (Figure 11). In this part of the field area, the lower Moenkopi Formation forms the 
topographic surface (Figure 69). The thickness of the unit varies between 6 and 15 m. The lower 
contact with the underlying Kaibab Formation is characterised by a 1 to 2 m thick chert breccia 
(Doelling et al., 1989; Sable and Hereford, 2004b). The Buckskin Mountains are bounded to the 
west by a north/northeast (N.15°E) trending, steeply, west dipping normal fault (Doelling et al., 
1989). The Eagle sink developed along a north/northwest (N.17°W) trending, steeply, west-dipping 
normal fault (Figure 69).  
 
Figure 69: Geologic map of south-central Utah, showing the different geological units and important faults of the 
region. The green dot indicates the location of the Eagle Sink along a north/northwest (N.17°W) striking normal fault 
(modified after Sable and Hereford, 2004a). Please refer to Appendices: AI.1 for the abbreviations of the map units. 
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The Eagle Sink is exposed as an approximately quadrangle shaped collapsed feature with steeply 
dipping sidewalls (Figure 70). The dimensions of the sinkhole are 69 x 49 m. The depth varies 
between 35 m at the sides to 45 m towards the centre. The dip of the walls varies between 77° and 
85° away from the outcrop face. The walls of the sinkhole provide a cross-sectional view of the 
lithology and geological structures. Approximately 11 m down the section (eastern wall), the 
contact with the underlying Kaibab Formation can be seen. In the northern, as well as in the 
southern wall, a series of westward dipping normal faults can be observed. The bottom of the 
sinkhole is covered with loose fragmented material, which derived from the WR and previously 
collapsed surface layer. 
 
Figure 70: Eagle Sink in southern Utah (courtesy of D.Pistellato). The dimensions of the sinkhole are 65 x 49 m. The 
depth varies between 35 m (sides) to 45 m (centre). The photo was taken from the northeast corner. 
 
4.4.3 Summary of the Observations (Sinkholes) 
The sinkholes studied are interpreted to have formed due to the collapse of solution caverns, and 
thus due to the same formation mechanisms as SCBPs. Sinkholes allow to observe the broken rock 
on the bottom of the hole and to compare it with the surrounding wall-rocks. In terms of BC this is a 
unique opportunity to study analogues for fragment size distribution at the top of the caved material 
(after the blocks separated from the caveback). This study has shown that the failing mechanisms 
are largely structural controlled. Examination of the sinkholes and surrounding rock indicated that 
the rock mass is failing along fractures, in situ and induced jointing, as well as bedding planes of the 
stratified host-rock. Increasing stresses due to the developing void are likely to have enhanced the 
dense fracturing of the rock mass (e.g. arcuate fractures). 
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4.5 Close Range Photogrammetry 
The following sections (4.5.1 Data Acquisition, 4.5.2 Data Processing) are taken from Klawitter et 
al. (2017), published in the journal “The Photogrammetric Record”. 
 
4.5.1 Data Acquisition 
Table 5 shows the number of photographs and GCPs used to reconstruct the 3D outcrops, the 
dimensions and 3D accuracy for each model.  
 
Table 5: Overview, for the Navajo Pipe and two sinkholes, of the number (#) of photographs and ground control points 
(GCPs) used, dimensions, ground sample distance (GSD) and 3D model accuracy and root mean square error (RMSE) 
for each model. 
Name # of photos # of GCPs Width (m) Height (m) GSD 
(m) 
3D accuracy 
(m) 
RMSE 
(pix) 
Navajo North 174 6 1180 312 0.048 0.087 0.285 
Navajo South 178 12 825 355 0.048 0.254 0.323 
Eagle Sink 442 25 75 53 0.010 0.028 0.406 
Devils Kitchen 820 23 66 28 0.090 0.034 0.454 
 
The distance between the camera stations and the outcrop face of the Navajo models ranged 
between 300 and 350 m. The distances between the camera stations and outcrop face of the 
sinkholes varied according to their width (Table 5). The prime 35 mm lens was considered to be 
suitable for capturing photographs of all outcrops to represent the key geological features according 
to the environmental constraints. Additionally, the Canon EF 70 to 300 mm zoom lens (described 
above) was employed for capturing photographs of the Navajo Pipe. However, to overcome the 
challenges in the acquisition stage (for example, the amount of data collected, the acquisition time 
and changes in lighting conditions over time), the coverage of those images was limited to the 
SCBP and does not include the surrounding wall rocks. 
 
4.5.2 Data Processing 
After creating a dense 3D point cloud, the GCPs recorded in the ﬁeld were imported to scale and 
accurately deﬁne the location of the model. Thereafter the software created a mesh from the 
correctly scaled and georeferenced 3D dense point cloud. In a last step, the texture of the outcrop 
from the 2D photographs was added to the mesh to ﬁnalise the 3D model. The textured model 
assists in identifying key geological features, such as changes in the lithology, bedding planes, 
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joints and discontinuities. The combination of an orthophotograph mosaic and a dense point cloud 
is considered a signiﬁcant improvement for digital 3D mapping and structural analysis. The ﬁnal 
outcomes of the close range photogrammetry 3D models for the three outcrops, are represented in 
Figure 71 and Figure 72. Figure 71A shows the northern canyon wall of the Little Colorado River 
Gorge, which hosts the Navajo Pipe, and Figure 71B displays the opposite southern wall of the 
same canyon. The complete 3D model of both canyon walls, combined in one single model, can be 
seen in Figure 71C. Figure 72 displays the ﬁnal 3D models of the two sinkholes: Devils Kitchen in 
Figure 72A and Eagle Sink in Figure 72B. 
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Figure 71: 3D photogrammetric model of the Navajo Pipe. (A) Top image: the north side of the canyon; the yellow dots 
indicate the GCPs. (B) Middle image: the south side of the canyon; again the yellow dots indicate the GCPs. (C) 
Bottom image: both sides combined in one single model; the blue shapes indicate the camera stations. 
 
 
Figure 72: 3D photogrammetry model of (A) (left) the Devils Kitchen, and (B) (right) the Eagle Sink. The yellow dots 
indicate the GCPs and the blue shapes indicate the camera stations. 
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4.6 Structural Analysis 
The 3D photogrammetry models (Figure 71, Figure 72A and B) were imported into Maptek Vulcan 
and Maptek I-Site Studio. During post-processing key geological features, such as bedding, joints, 
faults, etc. were mapped. This data was subsequently used for the structural analysis (Klawitter et 
al., 2017). 
 
4.6.1 Navajo Pipe 
The area is traversed by a series of steeply dipping, northwest and northeast striking normal faults, 
as well as northwest striking, southwest dipping monoclines and mainly northwest striking anticline 
(Figure 73). Furthermore, five distinct joint sets were mapped in the area with an average strike of: 
(J1) N.10°–15°E., (J2) N.00°–05°W., (J3) N.15°–25°W., (J4) N.60°–70°E., (J5) N.70°–80°W 
(Verbeek and Grout, 1998). The triggering mechanism forming the joint sets J1, J2 and J3 were 
regional basin-range extensional events, which were reactivated as minor normal faults during post-
Laramide extensional events (see section: 2.8.2) (Verbeek and Grout, 1998). The different 
orientations indicate a mild non-coaxial shift during extension. The joint sets J4 and J5 strike 
perpendicular (approximately east/west) to the direction of the regional extension, and thus were not 
affected and reactivated during post-Laramide extensional events (Verbeek and Grout, 1998).  
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Figure 73: Geologic map showing the location of the Navajo Pipe (yellow dot), located on the Navajo Reservation, 
northern Arizona. The Navajo Pipe is exposed in the canyon wall of the Little Colorado River Gorge and intersects the 
Coconino Sandstone (Pc), Toroweap Formation (Pt) and Kaibab Formation (Pkf/Pkh). Please refer to Appendices: AI.1 
for the abbreviations of the map units. The map was modified after Billingsley et al., (2007b). 
 
4.6.1.1 Joint Sets 
In the northern canyon wall in the upper cliff-forming, lime- and siltstone dominated unit (Kaibab 
Formation), five distinct joint sets were mapped: J1 (~85° / N.0°-15°E.), J2 (~80° / N.10°-30°W), 
J3 (~82 / N.40°-50°W.), J4 (~83 / N.65°-80°E.), J5 (~83 / N.70°-90°W.) (Figure 74A-C). 
Measurements taken in the lower cliff-forming, lime- and sandstone dominated unit (Toroweap 
Formation) confirm this trend (Figure 74D-F). In the opposite, southern canyon wall (distance about 
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350 m), again five distinct joint sets were mapped in the upper Kaibab Formation (Figure 75A-C) 
and underlying Toroweap Formation (Figure 75D-F). Even though the joint sets J1, J2 and J3 show 
some scattering around the poles in the southern canyon wall, the similar north/south striking joint 
trends which were mapped in the northern canyon wall, were identified, however, mildly rotated to 
the east.  
Another joint set, vertically continuous through both the Kaibab Formation and the underlying 
Toroweap Formation, was identified in the canyon wall. The joints of this joint set are distinctive to 
those constrained to a single unit, and therefore are referred to as master joints. The master joints 
show a prominent north/south strike orientation (Figure 76A-F); however, in the southern canyon 
wall there is some scatter in orientation (Figure 76D-F). The joint sets can be further distinguished 
by their differences in surface separation. The master joints have a slight surface separation, which 
is subject to weathering, whereas the other joint sets show no separation.  Figure 77 show a 3D 
photogrammetry model of the northern canyon wall. The master joints (red lines) are exposed in the 
northern canyon wall surrounding the SCBP and indicate an average spacing between 40 and 65 m.  
 
4.6.1.2 Interpretation 
The scattering in the plots for the joint sets (J1, J2, J3 and master joints) could be explained due to 
mild changes in the accuracy of the 3D photogrammetry model and error in the data collection. 
Regardless, the same trends for the dominant joint sets (J1, J2, J3 and master joints) were identified 
in both canyon walls. Another explanation could be a non-coaxial shift during the extensional 
events, as suggested by Verbeek and Grout (1998) that caused the mild rotation of the joint sets J1, 
J2 and J3 from the northern to the southern wall. However, the distance between the canyon walls is 
only 350 m and thus would be extremely short to cause that rotation. No structural features were 
identified in the canyon between the northern and southern canyon wall, which would explain this 
shift. Therefore, the most likely explanation would be the accuracy of the 3D photogrammetry 
models and amount of measurements taken. The predominantly northeast and northwest strike 
orientation of the joint sets J1, J2, J3 and master joints corroborates the northeast and northwest 
strike orientation of the regional normal faults (Figure 73 and Figure 78). 
The even spacing between the master joints, as well as the parallel strike to the regional normal 
fault system, suggests a tectonic origin. In outcrop, the Navajo Pipe is bounded to the east by one 
master joint and is likely to have been developed along this steeply dipping discontinuity. 
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Figure 74: Stereonets of the joint sets in the northern canyon wall (A) Pole plot of the joints sets in the Kaibab Formation. J1 (red) ~85° / N.0°-20°E., J2 (blue) ~79 / N.10°-30°W, J3 
(pink) ~82 / N.40°-50°W., J4 (green) ~85 / N.65°-80°E., J5 (brown) ~78 / N.70°-90°W. (B) Contour plot of the poles from (A). (C) Rosette plot indicating the apparent strike of the 
planes from (A). (D) Pole plot of the joints sets in the Toroweap Formation. J1 (red) ~87° / N.10°-20°E., J2 (blue) ~85° / N.0°-20°W, J3 (pink) ~84° / N.35°-50°W., J4 (green) ~85° / 
N.60°-75°E., J5 (brown) ~86° / N.70°-85°W. (E) Contour plot pf the poles from (D). (F) Rosette plot indicating the apparent strike of the planes from (D). 
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Figure 75: Stereonets of the joint sets in the southern canyon wall (A) Pole plot of the joints sets in the Kaibab Formation. J1 (red) ~83° / N.20°-35°E., J2 (blue) ~85° / N.0°-15°E, J3 
(pink) ~86° / N.10°-30°W., J4 (green) ~86° / N.55°-70°E., J5 (brown) ~81° / N.70°-85°W. (B) Contour plot pf the poles from (A). (C) Rosette plot indicating the apparent strike of 
the planes from (A). (D) Pole plot of the joints sets in the Toroweap Formation. J1 (red) ~83° / N.25°-50°E., J2 (blue) ~84° / N.0°-10°W, J3 (pink) ~86° / N.20°-35°W., J4 (green) 
~82° / N.55°-70°E., J5 (brown) ~83° / N.55°-70°W. (E) Contour plot pf the poles from (D). (F) Rosette plot indicating the apparent strike of the planes from (D). 
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Figure 76: Stereonets of the master joints in the canyon walls. (A) Pole plot of the master joints in the northern canyon wall (~86° / N.0°-10°E). (B) Contour plot pf the poles from 
(A). (C) Rosette plot indicating the apparent strike of the planes from (A). (D) Pole plot of the master joints in the southern canyon wall (~86° / N.0°-10°W). (E) Contour plot pf the 
poles from (D). (F) Rosette plot indicating the apparent strike of the planes from (D). 
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Figure 77: (A) 3D photogrammetry model of the northern canyon wall in the Little Colorado River Gorge, Arizona 
(USA). The Navajo Pipe is exposed in the canyon wall (red arrow). (B) Yellow lines: bedding, purple line: pipe 
boundary, red lines: master joints. 
 
 
 
 
 (A) 
 
(B) 
Figure 78: (A) Pole plot of the regional, high-angle fault-sets (N/A / N.5°-15°W). (B) Rosette plot indicating the 
apparent strike of the planes from (A). Structural data extrapolated from geological map of Billingsley et al. (2007b). 
 
123 
 
4.6.1.3 Bedding Thickness vs Fracture Density 
The relationship between the BT and FD was studied for the outcrop walls of the Navajo Pipe as a 
method for predicting block sizes in SCBPs. In total 1187 measurements (fractures) were manually 
taken from the 3D photogrammetry models over a horizontal length of 50 m within 16 sedimentary 
beds of the Kaibab Formation (lime- and siltstone dominated) and 10 sedimentary beds of the 
Toroweap Formation (lime- and sandstone dominated) in the northern wall. 1250 measurements 
were taken over the same horizontal length (W: width) across 16 beds of the Kaibab Formation and 
13 beds of the Toroweap Formation in the southern wall of the Little Colorado River Gorge. The 
BT varied between 0.30 to 4.15 m in the northern wall and 0.55 to 3.42 m in the southern wall 
across both formations (see Appendices: AII.2.1). The FD was calculated by applying Equation (1). 
The results are presented as FD against BT in a log-log plot (Figure 79 and Figure 80). 
For the northern wall, the relationship shows a strong correlation for the Toroweap Formation (r2: 
0.8612) and Kaibab Formation (r2: 0.9224). For the southern wall the correlation is less prominent, 
however the data for the Kaibab Formation shows a good correlation of r2: 0.7953. The data for the 
Toroweap Formation has a correlation coefficient of r2: 0.6952. In general, the data shows that the 
FD varies with BT, indicating a decreasing number of fractures with increasing bedding size. 
 
 
Figure 79: Bedding Thickness vs Fracture Density (northern canyon wall). Log-log plot showing the relationship 
between BT (m) and FD for the Kaibab Formation (blue) and Toroweap Formation (orange). 
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Figure 80: Bedding Thickness vs Fracture Density (southern canyon wall). Log-log plot showing the relationship 
between BT (m) and FD for the Kaibab Formation (blue) and Toroweap Formation (orange). 
 
 
4.6.1.4 Clast Sizes 
The relationship of the clasts within the SCBP and the in situ discontinuity sets and bedding 
thickness was studied. 62 clasts were mapped in the upper part of the Navajo Pipe (Kaibab 
Formation, lime- and siltstone dominated), and 67 clasts were mapped in the lower part (Toroweap 
Formation, lime- and sandstone dominated) (Figure 81). 
Figure 82 shows the frequency of measured clasts in terms of the cross-sectional area (m2) for each 
formation. In comparison, the diagram indicates a high frequency of small clasts (<2 m2) for the 
Kaibab Formation. The frequency of clasts from the Toroweap Formation is less in the smaller 
range, but increase significantly in the range between 2 and 3 m2. In the medium range (3 – 7 m2) 
the frequency of clasts is evenly distributed across both formations.  
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Figure 81: (A) 3D photogrammetry model of the northern canyon wall (close-up). (B) Same frame as (A), the yellow 
line indicates the pipe boundary, the blue lines indicate geological contacts between the formations (upper: 
Kaibab/Toroweap; lower: Toroweap/Coconino), 62 clasts mapped in the upper part of the breccia pipe (blue), 67 clasts 
mapped in the lower part (green). 
 
 
Figure 82: Fragmentation distribution of the Navajo Pipe. Cumulative frequency (%) against the measured cross-
sectional area (m2) of the clasts within the SCBP. Blue: clasts from the Kaibab Formation (clast count: 62), orange: 
clasts from the Toroweap Formation (clast count: 67). 
 
The theoretical cross-sectional area (A) for the clasts in outcrop face was calculated applying 
Equation (2, 3). 
Figure 83 shows the results of possible cross-sectional area from the data collected from the 
northern wall and Figure 84 shows the results for the southern wall. For both walls, the Kaibab 
Formation shows a higher frequency in smaller clasts, whereas the Toroweap Formation shows a 
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high frequency in larger clasts. In average, the Toroweap Formation is characterised by thicker 
bedding. Therefore, according to the BT/FD relationship, an increase in block sizes is expected. The 
calculated block sizes correlates with the measured block sizes from the BB of the Navajo Pipe, 
with smaller clasts in the upper breccia (Kaibab Formation) and larger clasts derived from the 
Toroweap Formation (lower breccia).  
 
 
 
Figure 83: Calculated fragmentation distribution for the northern wall. Cumulative frequency (%) against the calculated 
cross-sectional area (m2) for possible clasts from the Kaibab Formation (blue) and Toroweap Formation (orange). The 
data from the BT vs FD in the surrounding WR was used for the calculation of the theoretical cross-sectional area of 
possible clasts. 
 
 
 
Figure 84: Calculated fragmentation distribution for the southern wall. Cumulative frequency (%) against the calculated 
cross-sectional area (m2) for possible clasts from the Kaibab Formation (blue) and Toroweap Formation (orange). The 
data from the BT vs FD in the surrounding WR was used for the calculation of the theoretical cross-sectional area of 
possible clasts. 
127 
 
 
 
Figure 85: Comparison between the calculated (c) and measured (m) fragmentation distribution for the Navajo Pipe. 
Cumulative frequency (%) against the calculated and measured cross-sectional area (m2) for the Kaibab Formation 
(calculated: dark blue; measured: light blue) and Toroweap Formation (calculated: red; measured: orange). The data 
from the BT vs FD in the surrounding WR (north and south) was used for the calculation of the theoretical cross-
sectional area of possible clasts. 
 
A direct comparison between the measured and the calculated clast sizes shows, that the predicted 
and measured fragmentation distribution for the Kaibab Formation shows a good correlation. The 
clasts from the Toroweap Formation shows a good correlation for clast sizes below 2 m2, whereas 
the measured clasts between 2 and 8 m2 are significantly smaller than the predicted clasts size. That 
indicates that the clasts from the Toroweap Formation could have been subject to further 
fragmentation or abrasion due to material movement within the developing SCBP. 
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4.6.2 Devils Kitchen 
In this part of the field area, the Hermit and Schnebly Hill Formation (Permian), a massive 
sandstone (Lindberg, 2010), forms the topographic surface, where the Devils Kitchen is exposed. 
The area is traversed by a series of northwest trending linear fracture patterns, which are largely 
prominent in the surface bedrocks (Figure 86).  
 
 
Figure 86: Geologic Map of the Sedona area in central Arizona, showing the different geological units and important 
faults of the region and surface lineaments interpreted from aerial photography. The green dot indicates the location of 
the Devils Kitchen southwest of a northwest striking normal fault (modified after DeWitt et al., 2008). Please refer to 
Appendices: AI.1 for the abbreviations of the map units. 
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4.6.2.1 Joint Sets 
Two main joint sets dominate the fracture pattern of the surface bedrock (Schnebly Hill Formation, 
sandstone dominated) and were mapped in the exposed walls of the Devils Kitchen sinkhole. A 
strong northwest (N.40°-50°W) striking high-angle (~85°) joint set (J1), which correlates with the 
regional fracture trend (Figure 86), as well as a north/south (N.10°-20°E) trending high-angle 
(~83°) joint set (J2), which developed approximately in a 60°-70° angle to the main joint set (J1) 
(Figure 87A-C). These two joint sets form major boundaries of the Devils Kitchen. A third 
subordinate, moderately dipping (~59°), northeast (N.60°-70°E) striking joint set (J3) was also 
mapped in the northwest corner (Figure 87A-C). Another joint set, which is vertically continuous 
through all bedding planes, was identified in the exposed sinkhole walls. These high-angle dipping 
master joints (J4) strike northwest (N.50°W) are evenly spaced (7 m - 8 m) and developed parallel 
to the northwest striking regional faults (Figure 87D-F). These joint sets significantly influence and 
control the rectangular shape of the sinkhole (Figure 88) as it only broke through the surface 
recently (1880) (see section 4.4.1) and thus weathering or surface effects only play a secondary role 
in the shape of the top of the sinkhole. Even though the large block indicates ongoing collapsing 
events and failing of the wall-rock, the failing is controlled by the previously mentioned joint sets, 
and thus the shape is primarily structural controlled. 
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Figure 87: (A) Pole plot of the dominant joint sets controlling the shape of the Devils Kitchen. J1 (red) ~85° / N.40°-50°W; J2 (blue) ~83° / N.10°-20°E; J3 (green) ~59° / N.60°-
70°E. (B) Contour plot of the poles from (A). (C) Rosette plot indicating the apparent strike of the planes from (A). (D) Pole plot of the master joints within the Devils Kitchen. J4 
(red): ~85° / N.50°W. (E) Contour plot of the poles from (D). (F) Rosette plot indicating the apparent strike of the planes from (D). 
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Figure 88: Aerial view of the Devils Kitchen sinkhole. (A) 3D photogrammetric model, (B) Indicating the three joint 
sets, which control the shape of the sinkhole. Red: J1, blue: J2, green: J3. 
 
 
4.6.2.1.1 Induced Jointing: Failing Arch 
Despite the three regional joint sets, two additional fracture sets, each with two opposing joint sets, 
were observed in the eastern and western walls, but especially in the south-western corner of the 
Devils Kitchen. These sets only occur locally and dip outwards from the centre of the sinkhole. The 
sets in the eastern wall indicate an average dip direction of 105° (J5) (approximately east) and 325° 
(J6) (approximately north/northwest) (Figure 89A-C). The sets in the southern wall indicate an 
average dip direction of 177° (J7) (south) and 300° (J8) (approximately west/northwest) (Figure 
89D-F). Towards the bottom of the exposed sinkhole walls the dip angle of the joints is steeper 
(>62°) but becomes shallower towards the top (<25°). The occurrence of these fractures, the annular 
dip directions, as well as the decreasing dip angle towards the top, indicate an arcuate shape, which 
surrounds the centre of collapse. Additional arcuate fractures can be seen in the surface bedrock 
towards the south of the sinkhole opening (Figure 90). Lindberg (2010) previously related these 
fractures on the surface to the developing void underneath the surface as a response to the 
increasing stresses, due to the removal of underlying support of the rock mass. 
The development of these arcuate fractures indicates increasing stresses in the surrounding rock 
mass due to ongoing material removal and thus increasing void (e.g. development of a SCBP). This 
observation suggests that the rock mass is failing along in situ joints during a low stress 
environment, whereas induced arcuate fractures develop due to increased stresses in the rock mass. 
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Figure 89: (A) Pole plot of the arcuate fractures in the eastern wall of the Devils Kitchen. J5 (red): dip direction: 105°; J6 (blue): dip direction 325°. (B) Contour plot of the poles 
from (A). (C) Rosette plot indicating the apparent strike of the planes from (A). (D) Pole plot of the arcuate fractures in the southern wall of the Devils Kitchen. J7 (red): dip 
direction: 177°; J8 (blue): dip direction 300°. (E) Contour plot of the poles from (D). (F) Rosette plot indicating the apparent strike of the planes from (D). 
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Figure 90: Picture of the arcuate fractures in the surface bedrock at the southern end of the sinkhole opening (compass 
for scale). 
 
 
4.6.2.2 Bedding Thickness vs Fracture Density 
The relationship between FD and BT was studied for the outcrop walls of the Devils Kitchen. In 
total 394 measurements (fractures) were taken within 24 sedimentary beds along three different 
walls. The horizontal extent (W: width), which was mapped, varied for each wall: eastern wall (38 
m), western wall (32 m), and northern wall (13 m). On grounds of accuracy, the southern wall was 
not considered for mapping due to the weakly exposed fractures. The BT varied between 0.43 to 
2.67 m. The FD was calculated applying Equation (1). The results are presented as FD against BT 
in a log-log plot (Figure 91). The correlation coefficient r shows a good correlation for the eastern 
wall (r2: 0.7666) and a strong correlation for the data collected from the northern (r2: 0.8558) and 
western wall (r2: 0.9056). In general, the data shows that the FD varies with BT, indicating a 
decreasing number of fractures with increasing bedding size.  
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Figure 91: Bedding Thickness vs Fracture Density. Log-log plot showing the relationship between BT (m) and FD for 
the eastern (blue), western (orange) and northern (green) wall of the Devils Kitchen. 
 
4.6.2.3 Block Sizes 
The relationship of the already collapsed blocks at the bottom of the sinkhole and the in situ 
discontinuity sets and BT was studied. For this the volume of 54 collapsed blocks was measured on 
the bottom of the sinkhole (Figure 92).The data collected from the bottom of the Devils Kitchen 
shows that there is a high frequency of small (<5 m3) to medium block sizes (5 – 15 m3) and only 
very few larger blocks (>20 m3) (Figure 93).  
 
 
Figure 92: (A) 3D Photogrammetry model of the Devils Kitchen. (B) 54 blocks (green) mapped on the bottom of the 
sinkhole. 
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Figure 93: Fragmentation distribution of the Devils Kitchen. Cumulative frequency (%) against the measured block size 
(m3) at the bottom of the Devils Kitchen sinkhole (block count: 54). 
 
 
The theoretical volume (m3) of the blocks in respect to BT and FD in each bed was determined 
applying Equation (4). Table 6 shows the results of possible blocks sizes for six different beds 
considering the measured joints in the walls of the sinkhole and the maximum block sizes for each 
bed, if the rock would only fail along major joints.  
 
Table 6: Calculated block sizes (m3) for different beds in the Devils Kitchen in respect to every measured joint and for 
the major joints (maximum block size), as well as the average (Avg.) length (L) × width (W) × height (H) ratio.   
Bed Thickness (m) Block size (m3) - 
Measured joints 
Block size (m3) - 
Major joints 
Avg. L×W×H (m) 
Measured Joints 
Avg. L×W×H 
(m) Major Joints 
0.98 1.976 10.617 1.86×1.09×0.98 4.33×2.50×0.98 
1.05 3.325 11.375 2.17×1.46×1.05 4.33×2.50×1.05 
1.18 3.409 20.453 1.44×2.00×1.18 4.33×4.00×1.18 
1.56 5.708 27.04 1.44×2.00×1.56 4.33×4.00×1.56 
2.05 4.964 29.611 0.77×3.17×2.05 4.33×3.33×2.05 
2.24 15.808 32.356 2.60×2.71×2.24 4.33×3.33×2.24 
 
The results show that the calculated block sizes from the measured joints vary between 2.0 and 15.8 
m3, and the maximum possible block sizes range from 11.4 to 32.4 m3 (major joints). In Figure 94 
the frequency of the blocks in respect to their volume for each calculated value from Table 6 in 
presented in a diagram. 
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Figure 94: Calculated fragmentation distribution of the Devils Kitchen. Cumulative frequency (%) against the 
calculated block size (m3) for different beds in the Devils Kitchen in respect to their BT vs FD from Table 6. Block size 
calculated for: (blue) measured joints, (orange) major joints.  
 
 
Figure 95: Comparison between the calculated (orange) and measured (blue) fragmentation distribution of the Devils 
Kitchen. Cumulative frequency (%) against the calculated block size (m3) for different beds in the Devils Kitchen in 
respect to their BT vs FD from Table 6. 
 
As previously stated, the data collected from the bottom of the Devils Kitchen shows a high 
frequency of small (<5 m3) to medium (5 – 15 m3) block sizes (94% of the blocks) (Figure 93). This 
corroborates the results of the block sizes calculated from the measured joints (2.0 – 15.8 m3) 
(Table 6). 83% of the blocks have a volume of less than 10 m3 (Figure 94). Smaller block sizes are 
considered as the fine material filling the gaps between the larger clasts, which were not mapped 
(Figure 95) and may result in underestimating the generation of fine material. The maximum 
calculated block sizes are based on the spacing of the major joints intersecting the beds. The results 
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range from 10.6 m3 to 32.4 m3 for individual blocks (Table 6, Figure 94). This correlates with the 
bigger blocks mapped in the sinkhole (Figure 95).  
 
 
4.6.2.4 Reconstruction of the Collapse 
The following paragraph is taken from Klawitter et al. (2017), published in the journal “The 
Photogrammetric Record”. 
 
Maptek I-Site Studio allows for the selection of individual points from the dense 3D point cloud. 
This selection can then be extracted and separately processed. Due to this, the 3D model can be 
manipulated by adding, moving or transforming individual geometric features. The prominent 
trapezoidal shape and preserved bedding surfaces within the block can be correlated with the wall 
rocks and, accordingly, relate this block back to its original position in the wall (Figure 96). The 
manipulation of the dense 3D point cloud and extraction of certain geometric features is a major 
improvement in 3D modelling and assists in reconstructing and interpreting the failing mechanisms 
of the rock mass, improving the understanding of the collapsing mechanisms of the sinkhole. 
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Figure 96: Reconstruction of the collapse of a big block in the Devils Kitchen from the present position to its origin in 
the wall rock: (A) selecting the block; (B) cut and paste of the block; (C) rotation of the block (Note: the white arrows 
indicate the light coloured sedimentary bed in the block and wall-rock, which helps to reconstruct the collapse); (D) 
initial position in the wall rock. 
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4.6.3 Eagle Sink 
The Eagle Sink is a sinkhole located in southern Utah (37° 2'39.98"N, 112° 9'3.50"W), 
approximately 33.3 km east of Kanab and 3.6 km southeast of the U.S. Highway 89, at an elevation 
of 1,791 m (Figure 11). In this part of the field area, the lower Moenkopi Formation forms the 
topographic surface (Figure 97). The thickness of the unit varies between 6 and 15 m. The lower 
contact with the underlying Kaibab Formation is characterised by a 1 m to 2 m thick chert breccia 
(Doelling et al., 1989; Sable and Hereford, 2004b). The Buckskin Mountains are bounded to the 
west by a north/northeast (N.15°E) trending, steeply, west dipping normal fault (Doelling et al., 
1989). The Eagle sink developed along a north/northwest (N.17°W) trending, steeply, west-dipping 
normal fault (Figure 97).  
 
Figure 97: Geologic map of south-central Utah, showing the different geological units and important faults of the 
region. The green dot indicates the location of the Eagle Sink along a north/northwest (N.17°W) striking normal fault 
(modified after Sable and Hereford, 2004a). Please refer to Appendices: AI.1 for the abbreviations of the map units. 
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4.6.3.1 Joint Sets 
Four distinctive high-angle joint sets were mapped in the walls of the Eagle Sink: J1 (~85° / N.0°-
20°E), J2 (~83° / N.20°-30°W), J3 (~85° / N.65°-80°W), J4 (~84° / N.70°-85°E) (Figure 98A). The 
joint sets J1 (north/northeast) and J2 (north/northwest) show a strong north/south trend, whereas the 
joint sets J3 and J4 strike approximately perpendicular to these trends. The strike of J1 (N.0°-20°E) 
matches the trend of the normal fault to the west of the Buckskin Mountain (N.15°E) (Figure 97). 
The joint set J2 (N.20°-30°W) strikes north-northwest approximately parallel to the north/northwest 
trend of the normal fault (N.17°E) along which the Eagle Sink was developed. Additionally, the 
rosette plot indicates a strong north/northeast (N. 20°-30°W) strike of the joint sets (Figure 98C). 
The dominantly north/south (J1) and east/west (J4) striking joints control the shape of the sinkhole 
and have the same strike as the eastern and western wall (striking north/south) and northern and 
southern wall (striking east/west) (Figure 99). 
 
 
(A) 
 
(B) 
 
 (C) 
Figure 98: (A) Pole plot of the dominant joint sets controlling the shape of the Eagle Sink. J1 (red) ~85° / N.0°-20°E; J2 
(blue) ~83° / N.20°-30°W; J3 (pink) ~85° / N.65°-0°W; J4 (green) ~84° / N.70°-85°E. (B) Contour plot of the poles 
from (A). (C) Rosette plot indicating the apparent strike of the planes from (A). 
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Figure 99: (A) Aerial view of the Eagle Sink (3D photogrammetric model). (B) Pole plot of the dip and dip direction of 
the sinkhole walls. Red: eastern wall (N.14°W), pink: northern wall (N.78°E), green: southern wall (N.75°E), blue: 
western wall (N.25°W). 
 
The eastern and western walls strike parallel to the north/northwest (N.17°W) striking fault, which 
traverses the area in the direct vicinity east to the sinkhole. The northern and southern wall 
developed perpendicular to this trend. Parts of the western wall show an opening along the 
north/northwest striking joint (J2) for a length of about 14 m (Figure 100). A large slab is already 
detached from the wall-rocks. The displacement towards the centre of the sinkhole measures 
approximately 2.9 m at the northern end. After its collapse, it is likely that the slab will break along 
a bedding plane or pre-existing joint after hitting the sinkhole floor and break into smaller blocks 
(similar to the collapse at the Devils Kitchen, section 4.4.1). 
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Figure 100: 3D photogrammetry model of a slab, which is already detached from the western wall. The offset was 
measured as 2.912 m (green line). 
 
 
4.6.3.2 Faults 
In the northern and southern wall of the sinkhole, a set of steeply dipping, north/northwest striking, 
normal faults were mapped (Figure 101 and Figure 102). The faults intersect the strata of the 
Moenkopi and underlying Kaibab Formation and cause a prominent offset between 4 m at the 
eastern margin to 12 m towards the western margin. The strike of the faults within the sinkhole 
walls is exactly parallel to the strike of the normal fault, which traverses the map area at this 
location (Figure 103). 
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Figure 101: Full coloured 3D photogrammetry model of the northern wall of the Eagle Sink. The red dashed lines 
indicate normal faults, the green dashed lines indicate bedding and the white arrows indicate the direction of 
displacement. Note: the offset from the eastern to the western wall. 
 
Figure 102: 3D photogrammetry model of the northern wall of the Eagle Sink (interpretation of Figure 101). The red 
shapes indicate normal faults, which were mapped in the northern and southern wall. The red dashed lines indicate 
traces of faults in the northern wall. The green shape shows the geological contact between the upper Moenkopi 
Formation and underlying Kaibab Formation. The green dashed lines indicate bedding. The white arrows show the 
direction of displacement. Note: the offset increases from the eastern to the western wall. 
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(A) 
 
(B) 
 
 (C) 
Figure 103: (A) Pole plot of the normal-faults (red) mapped in the northern and southern wall of the Eagle Sink. The 
faults strike N.15°-25°W. Additionally the regional normal-fault (blue) is plotted (N.17°W). (B) Contour plot of the 
poles from (A). (C) Rosette plot indicating the apparent strike of the planes from (A). 
 
 
4.6.3.3 Bedding Thickness vs Fracture Density 
In total 1178 measurements (fractures) were taken within 44 sedimentary (sandstone dominated) 
beds along three different walls. The horizontal extent (W: width), which was mapped, varied for 
each wall: eastern wall (50 m), western wall (33 m), and northern wall (37 m). On grounds of 
accuracy, the southern wall was not considered for mapping due to the strong deformation and 
weathered surface. The BT varied between 0.44 to 8.34 m. FD was calculated applying Equation 
(1). The results are presented as FD against BT in a log-log plot (Figure 104). The data collected 
from the western wall (green) shows a linear relationship between the FD and BT (m), however, the 
points are somewhat scattered, which is indicated by the correlation coefficient of r2:0.6368. The 
145 
 
data from the northern wall (orange) shows a correlation of r2: 0.7346. The data collected from the 
eastern wall (blue) shows a correlation of r2: 0.8057. 
In general, all data sets support the argument that the FD increases with decreasing BT.  
 
 
 
Figure 104: Bedding Thickness vs Fracture Density. Log-log plot showing the relationship between BT (m) and FD for 
the eastern (blue), northern (orange) and western (green) wall of the Eagle Sink. 
 
4.6.3.4 Block Sizes 
The relationship of the already collapsed blocks at the bottom of the sinkhole and the in situ 
discontinuity sets and BTs was studied. For this, the volume of 156 collapsed blocks mapped at the 
bottom of the sinkhole and their volume measured (Figure 105). The data collected from the bottom 
of the Eagle Sink shows that there is a high frequency of small (<5 m3) to medium block sizes (5 – 
20 m3) and only a few larger blocks (>20 m3) (Figure 106). The theoretical volume (m3) of the 
blocks in respect to BT and FD in each bed is shown in Table 7. 
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Figure 105: (A) 3D photogrammetry model of the Eagle Sink. (B) 156 blocks (green) mapped at the bottom of the 
sinkhole. 
 
Figure 106: Fragmentation distribution of the Eagle Sink. Cumulative frequency (%) against the measured block size 
(m3) at the bottom of the Eagle Sink sinkhole (block count: 156). 
 
Table 7 shows the results of possible blocks sizes for ten different beds considering the measured 
joints in the walls of the sinkhole. The results show the calculated block sizes from the measured 
joints vary between 0.9 m3 and 23.6 m3. Figure 107 shows the frequency of the blocks in respect to 
their volume for each calculated value from Table 7. 
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Table 7: Calculated block sizes (m3) based on bedding thickness and average FD for each bed in the Eagle Sink. 
Bedding Thickness (m) Block size (m3) Avg. L×W×H (m) ratio 
0.55 0.356 0.89×0.73×0.55 
0.70 0.880 1.56×1.76×0.70 
0.75 1.577 1.25×1.68×0.75 
0.75 1.468 1.43×1.37×0.75 
1.43 4.863 2.94×1.16×1.43 
1.47 7.883 3.33×1.61×1.47 
1.66 4.921 1.92×1.54×1.66 
3.50 19.271 3.13×1.76×3.50 
3.68 23.557 2.94×2.17×3.68 
4.00 11.746 3.57×0.82×4.00 
 
 
 
 
 
 
Figure 107: Calculated fragmentation distribution of the Eagle Sink. Cumulative frequency (%) against the calculated 
block size (m3) for different beds in the Eagle Sink in respect to their BT vs FD from Table 7. 
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Figure 108: Comparison between the calculated (orange) and measured (blue) fragmentation distribution of the Eagle 
Sink. Cumulative frequency (%) against the calculated block size (m3) for different beds in the Eagle Sink in respect to 
their BT vs FD from Table 7. 
 
As previously stated, the data collected from the bottom of the Eagle Sink shows a high frequency 
of small (<5 m3) to medium (5 - 15 m3) block sizes (92% of the blocks) (Figure 106). This 
corroborates the results of the frequency of block sizes calculated from the measured joints (Table 
7). 80% of the calculated blocks are smaller than 15 m3 (0.4 – 11.8 m3), and 20% are larger than 15 
m3 (19.3 – 23.6 m3) (Figure 107). The largest block mapped on the bottom of the sinkhole is 59.5 
m3. 
The frequency of smaller clasts increases and indicates generation of a large amount of fine 
material, which was underestimated during the calculation, and potentially fills the gaps between 
the larger clasts (Figure 108). 
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4.7 Anatomy of an SCBP 
4.7.1 Introduction 
A conceptual model that standardises nomenclature was developed for the different zones of an 
SCBP, based on observations of the multiple occurrences of SCBPs, solution caverns and sinkholes 
in the field. The field observations and 3D photogrammetry models developed from key examples 
were supplemented by information from the mine data and published literature. The stratigraphic 
location of each of the case studies are shown in the context in Figure 109 and were drawn together 
to gain a complete picture of the formation mechanisms and effects on the host-rocks.  
 
Formation Cartoon of a typical SCBP Case Study 
Kaibab Formation 
 
• Sinkholes  
• Navajo Pipe 
Toroweap Formation 
Coconino Sandstone 
• Pinenut Mine 
• Orphan Mine 
Hermit Formation 
Supai Group 
• Eagle Pipe 
• Kaibab Pipe 
• Carbonate Pipe 
Redwall Limestone 
• Solution Cavern 
• Grand Canyon 
Cavern 
 
Figure 109: Overview of the different formations a typical SCBP intersects and the examples studied to gain 
information from SCBPs in a certain stratigraphic level (cartoon modified after Wenrich and Sutphin, 1988). 
 
 
Table 8 gives an overview of the key observations made at each case study that led to the 
development of a conceptual model of the anatomy of an SCBP. For a detailed description of each 
example please refer to “Description of Solution Collapse Breccia Pipes” (see section: 4.1). 
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Table 8: Overview of the observations made for each case study. For a detailed description of each example please refer to “Description of Solution Collapse Breccia Pipes” (see 
section: 4.1). 
 
Name Host-Rock Exposure Dimension (m) DZ 
(m) 
PM Breccia (BB) Summary 
Formation Lithology Width Height Clasts (m) Angularity Texture 
Eagle Pipe Supai 
Group 
Ss, Slts, 
Ms, Ls 
Canyon 
wall 
52 135 >100 Faulting 
Shearing 
1.2 x 3 Angular to 
sub-angular 
Clast to 
matrix 
supported 
DZ: faulting and fault displacement (5 m) of 
competent rock (lime- and sandstone) towards the 
PM; shearing along PM (‘telescoping’); 
Brecciation in BB (large lime- and sandstone 
clasts), fine grained matrix; Brecciation increases 
downwards; Lithostratigraphic order maintained in 
BB (no mixing of clasts from different host units). 
Kaibab 
Pipe 
Supai 
Group 
Ss, Slts, 
Ms, Ls 
Pinnacle on 
slope 
11.5 19 30 Faulting 1.3 x 1.1 Angular to 
sub-angular 
Clast 
supported 
DZ: tilting, faulting, displacement (1-2 m) towards 
the PM; clast rotation at PM; tabular shaped clasts 
lay parallel to PM; flat flying clasts towards the 
centre; large limestone clasts, smaller silt- 
mudstone clasts; internal zonation within BB 
(reflecting lithostratigraphy of host-rock); calcite 
minerals in matrix (open framework breccia); 
strong alteration of BB and surrounding area. 
Carbonate 
Pipe 
Supai 
Group 
Ss, Slts, 
Ms, Ls 
Pinnacle on 
slope 
35 90 125 Faulting, 
Shearing 
1.0 x 2.5 Angular to 
sub-angular 
Matrix to 
clast 
supported 
 
DZ: mildly deformed thin- to medium-bedded units 
(siltstone/limestone), undeformed thick-bedded 
units (sandstone/limestone); sharp boundary 
between BB and DZ, incl faulting and shearing; 
interlocking of angular clasts, displacement 
towards the centre of BB. 
Navajo 
Pipe 
Kaibab Fm Ls, Ss Canyon 
wall 
31 180 150 Faulting 
Shearing 
5.5 x 2.6 Angular to 
sub-angular 
Matrix 
supported  
DZ: strong deformation in lime-/siltstone 
dominated unit, mild deformation in sand-
/limestone dominated unit; secondary subsidence in 
DZ; surface depression on top of BB; faulting and 
shearing at PM, rotation of clasts along PM, no 
mixing of clasts within BB; structural control on 
clast size and shape; strong relationship between 
BT and FS, and clast size. 
 
Toroweap 
Fm 
Ss, Ls 44 Faulting 
Shearing 
8.2 x 4.2 
 
Angular to 
sub-angular 
Clast 
supported 
Coconino 
Ss 
Ss 36 Fractures N/A N/A N/A 
 
 
 
 
           
            
151 
 
Orphan 
Mine 
Coconino 
Ss 
Ss Sub-surface N/A 505 >15 N/A <0.1 to >1 N/A N/A DZ: fracturing, PM: fracturing and shearing. High 
concentration of U in (‘ring fractures’) indicating 
high porosity zones, several lithologies in BB, sand 
body 207 m below origin, possible downward 
percolating of the Coconino sandstone due to 
interlocking clasts of the Hermit Fm and Supai 
Group; some U within sand-body (high porosity 
zones); strong alteration. 
Hermit Fm Slts, Ss 50 Fractures 
Shearing 
Angular Matrix 
supported 
Supai 
Group 
Ss, Slts, 
Ms, Ls 
165 Fractures 
Shearing 
Angular Matrix 
supported 
Pinenut 
Mine 
Hermit Fm Slts, Ss Sub-surface 80 >479 <30 Fractures 
Shearing 
<0.3 to >1 Angular to 
sub-angular 
Matrix 
supported 
DZ: steeply dipping fractures, PM: fracturing and 
shearing, high concentration of U around the 
margins (‘ring fractures’) in high porosity zones, 
siltstone clasts in BB (Hermit Fm); Coconino 
Sandstone filling void between clasts; interlocking 
clasts, percolating of finer sand grains; main bulk 
composition maintained within BB. 
Eagle Sink Moenkopi 
Fm 
Slts, Ss Sinkhole 69 x 
49 
45 N/A N/A *4.4 m3 Angular Lose gravel Structural control of location and shape of 
sinkhole; structural control on clast shape and size, 
strong relationship between BT and FS, and clast 
sizes. 
Kaibab Fm Ls, Ss 
Devils 
Kitchen 
Schnebly 
Hill Fm 
Ss Sinkhole 45 x 
30 
18 N/A N/A *4.7 m3 Angular Lose gravel Structural control of shape of the sinkhole; 
structural control on the clast shape and size, strong 
relationship between BT and FS, and clast sizes; 
arching failure in surrounding rock (induced 
fractures), sinkhole forms the top of an SCBP; rock 
failure along discontinuities (reconstruction of 
collapse of large block). 
Hermit Fm Slts, Ss 
Solution 
Cavern 
Redwall 
Limestone 
Ls Canyon 
wall 
25 10 32 Sharp 
boundary 
1.6 x 3.5 Angular Lose gravel Beginning of SCBP; stalling of cavern due to small 
hydraulic radius (overlaying competent rock); 
stress arching in the caverns back, dense jointing in 
ceiling and surrounding rocks; deformed rocks in 
the surrounding, normal faulting and displacement 
towards the centre of collapse.  
Grand 
Canyon 
Caverns 
Redwall 
Limestone 
Ls Sub-surface 15 - 
25 
12 N/A N/A 1.5 x 2 Angular Lose gravel Structural control of cavern (perpendicular to local 
fracture pattern), structural control of rock mass 
failure; dense jointing in surrounding rocks and 
ceiling; stress arching in cavern back;  structural 
control of blocks due to jointing and bedding plane 
failure; chimneys in roof (upward stoping).   
 
 
Rows: yellow (SCBPs), blue (U-mineralised SCBPs), green (sinkholes), red (solution caverns); Ss: Sandstone; Slts: Siltstone; Ms: Mudstone, Ls: Limestone; Fm: Formation; DZ: 
Deformation Zone; PM: Pipe Margin; BB: Breccia Body; * Volume of blocks (m3)
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5 DISCUSSION 
 
5.1 Preface 
This chapter presents the formation mechanisms and anatomy of an SCBP and how the previously 
defined distinctive zones are affected by the collapsing events. The information presented in this 
section discusses the learnings from the case studies previously described in detail in chapter 4. The 
results and observations made were related to the formation mechanisms, which occurred during the 
development of an SCBP. Subsequently, the findings from the natural systems will be compared 
with mining induced caving and analogues between the two systems will be presented.  
 
5.2 Data Acquisition 
This study employed photo-interpretative mapping and, were applicable, close range 
photogrammetry to record and describe the geology and structural characteristics of well exposed 
SCBPs, sinkholes and solution caverns. The 3D models allowed accurate data to be collected (see 
section: 3.4) and inferences to be made about the processes that operated during natural subsidence, 
including rock mass behaviour. No drones were employed for the data acquisition. As mentioned in 
section 3.4.1, the operation of drones is restricted in U.S. national parks, and the risk of losing a 
drone in the canyon was assed as very high. Unpredictable changes in wind conditions, especially 
due to thermal effects in the canyon, makes the operation of drones very challenging. Drones are 
also limited in terms of their battery life and would have required multiple batteries or recharging 
during the data acquisition, which would have not been possible due to the remoteness of the field 
area. Above all, the usage of a 300 mm zoom lens bridged the distance gap between the camera 
position and outcrop face, for which a drone could have been required. The timing and lighting of 
the day was carefully chosen to enhance the quality of the photos. For a more detailed study of the 
rock, physical access and sampling would have been required, which is not possible. However, 
where possible, the SCBPs were physically approached and samples taken (e.g. Kaibab Pipe, 
Pinenut mine). The data collected from those SCBPs enhanced the understanding and detailed study 
of the rock mass, from which conclusions were drawn towards inaccessible SCBPs. The 3D 
accuracy of the photogrammtey models, was assessed as appropriate as the structural measurements 
taken from the models confirmed the measurements taken in the field. Nonetheless, for the 
structural analysis, secondary software packages were needed (see section 3.4.3). An alternative for 
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building 3D photogrammetry models and subsequent structural analysis would be Sirovision, 
developed by Datamine and the Commonwealth Scientific and Industrial Research Organisation 
(CSIRO). However, the data acquisition is more challenging for Sirovison, since this software 
operates on stereo couples and not SfM-MVS like Agisoft PhotoScan. SfM-MVS was considered as 
a huge advantage in terms of the data acquisition and thus Sirovison rejected.  
 
5.3 Formation Mechanisms of an SCBP 
5.3.1 Cave Initiation 
Examples of un-collapsed solution caverns within the Redwall Limestone have been studied 
providing analogues to the initial cavern and deformation in the surrounding host-rocks prior to or 
at an early stage in the formation of a SCBP (Solution Caverns, see section: 4.3). High strain zones 
along with induced vertical jointing were observed in the ceiling of solution caverns (see section: 
4.3.1 and 4.3.2). The intensified jointing could be the response of the rock mass to horizontal 
stresses caused by the void development and thus enhanced impact of the gravitational force. The 
horizontal stresses favour the development of a stable arch, which prevents the rock mass from 
failing. This would prevent SCBPs from progressing further up into younger formations. 
Additionally, arcuate fractures were observed in the host-rocks surrounding the void (see section: 
4.3.1, 4.6.2.1.1). These fracture sets differ to the in situ discontinuities and thus were identified as 
induced fractures caused by the developing void. Additionally, steeply dipping small-scale, normal 
faults developed in the vicinity of the cave, causing an offset of up to 3 m towards the void (see 
section: 4.3.1). After the failing of the cavern ceiling and caving initiation in the Redwall Limestone 
along with an upward progression of the collapse system into younger formations, the surrounding 
host-rocks are subject to deformation.  
 
 
5.3.2 Deformation Zone 
The DZ comprises the outermost periphery of the SCBP and may extend for >100 m from the 
central BB and PM. Within the DZ, the host-rocks are strongly deformed by the undermining, 
subsidence and inward collapse. Steeply dipping fracture sets intersect the surrounding strata. Major 
and minor normal faults cause a vertical downward displacement of the strata for up to 5 m towards 
the centre of the pipe. The degree of deformation is controlled by the lithology and varies due to 
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differing physical characteristics and mechanical contrast between sandstone/limestone and 
siltstone/mudstone, which also have different joint spacing and bedding thickness.  
Competent material, such as lime- and sandstone are subject to intense deformation with prominent 
fault displacement towards the centre of the pipe, whereas less-competent material, such as silt- and 
mudstone show only minor, subtle deformation (e.g. Eagle Pipe, see section: 4.1.1.1). The 
displacement along fault planes was recorded to be up to 5 m towards the PM within the limestone- 
and sandstone dominated units of the Supai Group (e.g. Eagle Pipe). The frequency of faults 
intensifies towards the centre of the SCBP with more recurrent faults indicating a greater offset (e.g. 
Eagle Pipe, see section: 4.1.1.1, Kaibab Pipe, see section: 4.1.2.1). In younger stratigraphic units 
(overlying the Supai Group) steeply dipping, normal faults are developed in the siltstones (Hermit 
Formation) surrounding the BB (e.g. Pinenut Pipe, see section: 4.2.1), however, the lateral 
extension is unknown. Unfortunately, no example was studied, which showed the DZ within the 
Coconino Sandstone. Examples of SCBPs intersecting the Toroweap Formation (overlying the 
Coconino Sandstone) show only little deformation within the host-rocks of the DZ. The strata are 
intersected by steeply dipping fractures, which are mainly horizontal where they abut against the 
PM (e.g. Navajo Pipe, see section: 4.1.4). The Toroweap Formation is characterised by a 
competent, thick-bedded lime- and sandstone dominated unit (Table 4). Units abutting horizontally 
against the PM were likewise observed in the Carbonate Pipe (see section: 4.1.3). Here, the units 
that are unaffected by the deformation are mainly medium- to thick-bedded sandstone. This 
indicates that the competency of the rock is important in terms of the deformation mechanisms. 
Even though brittle deformation was observed in competent rock, such as sand- and limestone, a 
strong stratum may be unaffected by deformation associated with the developing SCBP. It is likely 
that the size of cavern and thus SCBP has an impact on the deformation of the surrounding rocks 
(cf. cave initiation, hydraulic radius), as seen at the cavern close to the Kaibab Pipe, which failed to 
propagate upwards.  
The Kaibab Formation forms the surface bedrocks for the greatest extent of the Colorado Plateau. 
On the surface SCBPs can be recognised by circular depression surrounding the BB with inward 
dipping beds (see Navajo Pipe, see section: 4.1.4). The surface depression may be enhanced by the 
dissolution of gypsum within the Harrisburg Member of the Kaibab Limestone (Billingsley, 1992) 
(see section: 2.8.4). The deformed rocks in the DZ allow water percolation through preferred 
pathways (e.g. faults), which may cause further dissolution of soluble rocks (e.g. carbonates). This 
may lead to secondary subsidence mechanisms within this zone and the formation of collapse 
structures such as sinkholes. The Navajo Pipe is exposed in the Kaibab Formation and can be seen 
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in cross-sectional view in the canyon wall. One large block was displaced vertically for 14 m in the 
vicinity to the PM of the Navajo Pipe and indicates secondary collapsing events post pipe 
emplacement (see section: 4.1.4.1). 
The rocks within the DZ are subject to alteration due to enhanced water movement. Reducing fluids 
were likely to have caused bleaching of the host-rock surrounding the BB (see section: 2.8.4). The 
rocks underwent alteration processes to various degrees and were bleached from red/brown to 
greyish/white. The bleaching caused the formation of an alteration halo surrounding the BB. The 
rocks of the Supai Group show bleaching of up to 29 m distance to the BB (e.g. Kaibab Pipe, see 
section: 4.1.2). In some formations (Supai Group, Hermit Formation) strong alteration fronts are 
present, which clearly demarcate the unaltered from the altered rock (e.g. Kaibab Pipe, see section: 
4.1.2, Pinenut Mine, see section: 4.2.1). Bleaching has not been recorded within the DZ of the 
Coconino Sandstone or Toroweap Formation, but may be present. 
On the surface the host-rocks, which form shallow, circular depressions, are altered around the 
centre of collapse. These alteration halos are many times larger than the dimension of the BB. The 
Carbonate Pipe shows an alteration halo within the Esplanade Sandstone (Supai Group) of 
approximately 247 m in diameter (see section: 4.1.3.1). The alteration halos were previously used 
for the identification of potential SCBPs by aerial surface examinations (see section: 2.8.4). The 
fluid alteration is a secondary feature highlighting the fracturing and permeable zones within this 
zone. The lateral extent of the DZ, secondary subsidence mechanisms and alteration processes, 
which occur over geological time, indicate that time has a major influence on the development of 
this zone.   
 
5.3.3 Pipe Margin 
The PM developed owing to the response of vertical propagating subsidence structure and 
downward movement of a loose compound of broken fragments within the subsidence column 
against the edges of the stable DZ (prior to lithification). Frictional drag of the detached rock caused 
the formation of near-vertical fractures and sheared fabric. The shearing may have been enhanced 
by gravity-induced (and horizontal) stresses caused by the former void generation. Differential rates 
of flow of mobilised material along the edges resulted in the formation of several zones, each with 
compositional changes and circularly wrap around the BB. The differential rates of flow can be 
described as ‘telescoping’ mechanisms, with material of different composition sliding along another 
at various times. In outcrop, textural changes in the PM breccias are interpreted to reflect various 
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rates of movement of the material within the PM and can be described as ‘collars’ surrounding the 
BB (e.g. Eagle Pipe, see section: 4.1.1). From the example studied the width of this zones varies 
from less than a meter up to a lateral extension of several meters (>5m). Previous studies (e.g. 
Gornitz and Kerr, 1970, Wenrich, 1985) define the PM as ‘ring fractures’, which circularly wrap 
around the BB and define regions of most intense deformation (see section: 2.8.3). The intense 
vertical fracturing enhanced the porosity within this zone, which resulted in the establishment of 
preferential pathways for fluids. This process led to the alteration of the host-rocks commonly seen 
in this position (e.g. Navajo Pipe, see section: 4.1.4), as well as the introduction of minerals, such as 
uranium, which are mainly located within the ‘ring fractures’ surrounding the BB (see section: 4.2.1 
and 4.2.2).  
 
5.3.4 Breccia Body 
The research has shown that the host lithology, pre-existing and induced discontinuities (including 
bedding) have a direct impact of the caveability and fragmentation of the rock mass and influence 
the size, shape and geometry of the blocks/clasts (see sections: 4.6.1.4, 4.6.2.3, 4.6.3.4). The size of 
the clasts within the BB varies from small cobbles (mainly silt- and mudstone) up to large, sub-
angular boulders (mainly sand- and limestone). Examples from the Supai Group (e.g. Eagle Pipe, 
see section: 4.1.1, Kaibab Pipe, see section: 4.1.2) are composed of angular to sub-angular clasts 
varying in sizes from small pebbles of  <1 cm in diameter (silt- and mudstone) to large limestone 
clasts of 1.6 m in diameter (Kaibab Pipe) to individual clasts of up to 3 m in diameter (Eagle Pipe). 
The limestone clasts derived from the limestone dominated units, whereas the finer material (silt- 
and mudstone) derived from the interbedded silt- and mudstones of the within the Supai Group. The 
clasts of the Hermit Formation (e.g. Pinenut Mine, see section: 4.2.1) are composed of siltstone and 
varies from small cobbles to larger clasts of several meters in diameter. The Coconino Sandstone is 
unique in terms of its fragmentation and clast formation. Locally blocks of Coconino Sandstone 
underwent further fragmentation to form masses of very fine clasts and individual sand grains that 
percolated downward through voids between larger clasts of the underlying units. That is why sand 
grains of similar size and shape to the Coconino Sandstone can be seen 207 m below the 
stratigraphic base of the Coconino Sandstone (Orphan Mine, see section: 4.2.2) (Gornitz and Kerr, 
1970), or fills the gaps between the siltstone clasts from the Hermit Formation (e.g. Pinenut Mine, 
see section: 4.2.1). The breccia composed of clasts from the Toroweap Formation is characterised 
by large, angular sandstone and sandy limestone clasts of up to 8.2 m in diameter (Navajo Pipe, see 
section: 4.1.4). The top unit (Kaibab Formation) is characterised by angular to sub-angular 
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limestone and siltstone clasts. The limestone clasts form larger blocks of up to 5.5 m in diameter, 
while the siltstone clasts varies from pebbles to cobbles (Navajo Pipe, see section: 4.1.4). 
The breccia is mainly clast-supported throughout the vertical extend of the SCBP. Nonetheless, the 
open space between the clasts was filled by a matrix material composed of crushed particles of the 
surrounding host-rocks and broken fragments within the subsidence column, as well as mineral 
matter (e.g. calcite, quartz), which precipitated in the voids between the clasts of the breccia. In the 
lower section (Supai Group) the matrix material is composed of fine-grained calcareous silt and 
sand, as well as calcite crystals of up to 5 cm in diameter (e.g. Kaibab pipe, see section: 4.1.2). 
These idiomorphic crystals fill formerly open voids between the clasts in the BB, indicating a 
previously open framework breccia. The breccia composed of clasts from the Hermit Formation is 
characterised by a sandy matrix (possible Coconino Sandstone) (e.g. Pinenut Mine, see section: 
4.2.1, Orphan Mine, see section: 4.2.2). The infill between the clasts from the Toroweap Formation 
appears to be fine-grained, however, the inaccessibility of the outcrop prevented a detailed analysis 
of the matrix (see Navajo Pipe, see section: 4.1.4). The matrix between the clasts of the Kaibab 
Formation is composed of fine- to medium-grained calcareous material (see Navajo Pipe, see 
section: 4.1.4). 
The fragmented material within the BB preserves the stratigraphic sequence of the surrounding 
host-rocks (younging upwards). Due to retained spatial proximity between clasts from the same 
layer, the BB indicates an internal vertical zonation, both intraformational (e.g. Kaibab Pipe, see 
section: 4.1.2), as well as throughout the entire vertical extent (e.g. Pinenut Mine, see section: 
4.2.1). No mixture of larger clasts derived from different formations was observed, although finer 
grained material did percolate downward through the voids between larger clasts to surround clasts 
derived from lower stratigraphic levels (e.g. Orphan Mine, see section: 4.2.2). 
The material within the BB was partially affected by alteration processes (see section: 2.8.4). 
Reducing fluids passed through the open space between the clasts or matrix material and caused 
alteration of some clasts and matrix. Smaller siltstone clasts of the Hermit Formation were reduced 
from red to greyish/white, while the larger fragments were only partially affected around the edges 
(e.g. Pinenut Mine, see section: 4.2.1). Uranium mineralisation may be present within the sandy 
matrix material filling the space between Hermit clasts, as well as in sand dominated zones within 
the BB below the stratigraphic level of the Coconino Sandstone (e.g. Pinenut Mine, see section: 
4.2.1, Orphan Mine, see section: 4.2.2). The location of uranium indicates highly porous zones 
within the BB. 
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5.3.5 Flow 
After being detached from the cave back, the fragments entered the subsidence column and were 
vertically displaced within the BB (prior to lithification). During subsidence the clasts might have 
been subject to secondary fragmentation processes (see section: 2.5.5). The study has shown that 
complex flow characteristics occurred, which were influenced by (1) gravity, (2) dissolution, (3) 
mechanical compaction, (4) particle size distribution, (5) friction and interlocking of particles. 
Gravity flow describes the flowing behaviour of broken material under the influence of gravity (see 
section: 2.4). Due to the wide range of particle size distribution from small cobbles up to big 
discrete boulders over 8 m in diameter, the flow involves frictional interactions between clasts, 
rotation and abutting of particles, internal arching, as well as  the percolation of finer material. 
Hence, a complex disturbed flow behaviour occurs within the broken material of the BB (prior to 
lithification). These conditions may have supported the establishment of preferred pathways for 
material derived from an overlying stratum and could explain the occurrence of a massive sand 
body surrounded by fragments from the Hermit Formation (e.g. Orphan Mine, see section: 4.2.2). 
Water may have been a significant component of the subsidence mechanism, which enhanced 
erosion, transported fine matrix material (e.g. the finely-laminated sand occupies many large areas 
of the BB and may hosts U ore, see section: 4.2.1), and acted as a lubricant for facilitating 
downward movement of broken rock by reducing friction. Even though water may have had a great 
influence on the flowing characteristics, no internal size sorting of broken fragments within the BB 
was observed. This suggests that vertical displacement was largely achieved by laminar subsidence, 
rather than turbulent mass movement. The mechanical compaction as well as ongoing dissolution of 
carbonates within the rock pile caused void development on top of the subsidence column. The 
Increase of the void may cause further collapse of the cavern roof. The non-soluble material 
remained in the system and was not removed by solution. This provides a plausible explanation for 
the internal bulk composition of the BB and the absence of mixing of larger fragments from 
different strata. 
The downward movement of the pipe infill material caused dragging and shearing along the edges 
of the DZ and BB (the PM). Here, greater rotation of the clasts is evident, and the long axes of 
clasts are commonly aligned subparallel to the PM (see section: 4.1.2, 4.1.4, 4.2.1). The clasts 
towards the centre of the BB remain flat lying (e.g. Kaibab Pipe, see section: 4.1.2). This suggests 
interaction between the PM and subsiding rock mass and indicates enhanced deformation, bulking 
of larger fragments and promoted movement of finer particles along the margins.  
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5.4 Solution Collapse Breccia Pipes as Analogues to Block Cave Mining Systems 
5.4.1 Introduction 
This section applies the increased geological understanding of SCBPs gained from this study to BC 
mining systems. The study identified four distinctive zones to describe the anatomy of SCBPs, 
demonstrated different zones of material flow, an increased porosity at the pipe margins due to 
rotation and interlocking of larger clasts and spatial distribution of host-lithology within the BB. A 
relationship between the in situ discontinuities and resulting block sizes (clasts) was established. 
The effects on the surrounding rock masses were assessed and could be related back to the 
collapsing mechanisms (e.g. induced faulting with apparent displacement towards the PM). This 
section compares the similarities and differences between SCBPs and BC in terms of rock mass 
lithology and rheology, structure, failure and flow mechanisms gathered from literature (see section 
2.1 - 2.4) as well as fragmentation distribution from two case studies (see section: 2.5.5.1). The 
findings of the study enhanced the understanding of the mechanisms that formed SCBPs and how 
they evolved over time.  
SCBPs and BC exhibit subsidence initiation resulting from the failure of a rock mass above a void, 
subsequent upward propagation, and the development of a subsidence column shape in respect to 
the host geology and structure. Of particular importance was the examination of formerly mobile, 
but now lithified vertical breccia bodies (see section: 5.2.4) and their internal character and relations 
to the host lithologies, that could be compared to induced failure and subsidence in BC mining 
systems.  
The study has shown that SCBPs are structurally controlled at all scales and the lithology (and rock 
rheology) strongly influenced the structural development. The rock fragmentation and caving is 
dependent on in situ rock mass characteristics (lithology and structure). A typical BC mine and 
SCBP can be considered in terms of four discrete domains, each with characteristic geological 
criteria and operating processes (Figure 110, Table 9). For the purpose of establishing potential 
analogues to mining, the conceptual zones were described using BC terminologies after Brown 
(2003) (for a detailed description of the zones in an SCBP, please refer to section: 4.7).  
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SCBP BC 
 
Figure 110: Idealised comparative cross-section of an SCBP (left, modified after Wenrich and Sutphin, 1988) and a 
simplified BC mine (right, modified after Webster, 2015a). The sketch compares the key zones of a BC mine and those 
of an SCBP that were recognised during this study. Note: the BC terminologies after Brown (2003) were used in both 
conceptual models. Undercut (BC) = Solution Cavern (SCBP); Zone of Influence (BC) = Deformation Zone & Pipe 
Margin (SCBP), Caving Zone (BC) = Breccia Body (SCBP); Subsidence: Surface Subsidence (BC) = Surface 
Subsidence (SCBP). The figures are not to scale. 
 
Table 9: Terminology and description of each zone in an SCBP and BC. 
 SCBP  BC 
Zone Description (from this study) Zone Description after Brown (2003) 
Cavern The initial limestone dissolution void 
that collapses and initiates upward 
propagation. 
Undercut Bottom of the BC mining system. The 
undercut is the level from which 
subsidence in initiated and the level 
beneath this position, the extraction level, 
is the place from which the broken ore is 
extracted and removed from the mine. 
BB Fragmental material that flows during 
subsidence and is later lithified to form 
the breccia body (BB). 
Caving 
Zone 
Draw column – near vertical column of 
caved or broken material, drawn through 
a single or several drawpoints. The draw 
column is complete when controlled mine 
subsidence intersects the topographic 
surface. 
PM and 
DZ 
Sector of the subsidence structure 
between the margins of the central 
breccia pipe and the undeformed rock 
(zone of deformed material). 
Zone of 
Influence 
Deformed zone surrounding the draw 
column, which is affected by the 
deformation associated with the caving 
zone. 
Surface 
Subsidence 
Surface expression of a subsidence 
structure / pipe, usually a circular 
depression or crater / sinkhole. 
Surface 
Subsidence 
Depression on the surface resulting from 
underground mining 
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The undercut level of a BC mine is equivalent to the initial cavern of an SCBP. In both zones the 
material is removed (either by natural processes or mining methods), resulting in an increased area 
of unsupported void, which eventually induces the failure of the overlying rock (the cave back of an 
undercut) (Brown, 2003). Even though the extraction of the material from the undercut is not 
directly comparable due to significant time differences, in both cases the material will be removed. 
In BC this is achieved by extracting the ore from drawpoints (Brown, 2003); in the natural system, 
it occurs much more slowly, by dissolution of carbonates in the limestone and/or disaggregation of 
the collapsed rock over time (Wenrich, 1985). Once sufficient material is removed from the 
undercut, caving commences and the unsupported void will eventually collapse.  
After the initiation of caving due to progressive removal of material, the collapse structure 
propagates upwards as a vertical, cylindrical subsidence column of broken material above the 
undercut and extraction level of a BC (Brown, 2003), or the failed limestone cavern of an SCBP. In 
the natural system, the caving zone is represented as a breccia, which formed after lithification of 
the fragmented material (cf. BB). Observations of the breccia fabrics in an SCBP provide insights 
into the processes operating in a draw column of broken material that is now frozen in time.  
The zone of influence surrounding the caving zone of a BC is a deformed region that is associated 
with the caving zone. It is characterised by steeply dipping fault and joint systems in the WR 
(Brown, 2003). No mine infrastructure should be placed in this unstable zone but predicting its 
likely dimensions is difficult prior to mining. In the natural systems, equivalent fracture sets are 
present and can be observed in the surrounding rocks in canyon exposures and in underground 
mines (e.g. the Orphan Mine, see chapter: 4.2.2). These fractures tend to wrap around the BB 
resulting in an inner circular zone of ‘ring fractures’ (the PM) that enclose the fragmented body.  
The progressive upward stoping of a caving system eventually results in surface subsidence. Both, 
the mining and natural systems, are known to have an impact on the surface and surrounding area 
(Wenrich, 1985; Brown, 2003), forming depressions and conduits for groundwater movement.  
The SCBPs examined are hosted in horizontally bedded sedimentary strata. In contrast, many cave 
mines are established in deformed and hydrothermally altered volcanoclastic sequences (e.g. 
porphyry deposits), and hence are considered as more geologically complex than the host-rocks of 
SCBPs. However, the study of natural collapsed cave systems has several advantages when seeking 
to understand the processes that operate during vertical cave subsidence: 
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Cross-sectional exposures of SCBPs allowed for direct observations of the formerly mobile 
subsidence columns (now lithified) and the structures formed at the margins during subsidence-
induced deformation of the surrounding rocks. The results of flow and subsidence mechanisms are 
preserved in the geology. In BC the processes can only be speculated, since the system operates 
‘blind’ (Hood et al., 1999; Brown, 2003) and access to operational sectors is limited (Cumming-
Potvin et al., 2016). Insights into the processes that operate in draw columns of operating BC mines 
has previously not been possible, except for small-scale sand and gravel experiments (e.g. Sharrock, 
2008; Sharrock and Hashim, 2009) or full-scale marker trials (e.g. Brunton et al., 2012, 2016a). 
Therefore, the knowledge about caving mechanics is mostly derived from simplified small-scale 
experiments and numerical modelling (Hancock, 2013). The results remain untested against field 
observations or full-scale experiments (Sharrock, 2008). Thus, SCBPs have the potential to verify 
and confirm the theoretical understanding of caving mechanics from empirical and numerical 
modelling or uncover differences, which may help to enhance the current conceptual models. 
 
5.4.2 The Undercut and Solution Cavern 
This zone occupies the base of the structure. Its natural failure was the initial stage of the overlying 
natural subsidence. SCBPs result from collapsed caverns (see section: 2.8.3); which is filled with 
broken material and no longer exposed. Hence, none could be examined during this study. 
However, un-collapsed caverns in the Redwall Limestone (the stratigraphic unit forming the base of 
all SCBPs in the study area) are commonly exposed in canyon walls. Two key examples were 
examined to identify their geological controls, rock mass fragmentation and formation mechanisms 
(see section: 4.3). Key findings include: 
 
• Structural control of the onset of cavern development (along faults and intersecting 
discontinuities) 
• Structural control of cave back geometry and cavern walls (along discontinuities and 
bedding planes) 
• Impact of the lithology and pre-existing discontinuities in the host-rock on caveability and 
rock fragmentation 
• Impact of the 3D geometry of the cavern and rock competency on the volume to be caved 
(cf. hydraulic radius) 
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The study of solution caverns in the Redwall Limestone showed, that the location of the caverns is 
structurally controlled and developed parallel and perpendicular to the local fault system and major 
joint intersections (see section: 2.8.1). Water movement was enhanced by fracturing in the 
paleokarstic terrain in the Redwall Limestone which enabled progressive dissolution of soluble 
rocks and subsequently the formation of caverns (see section: 2.8.3). Continuous water movement 
and ongoing dissolution resulted in an enlargement of the caverns. The cavern tend to increase 
laterally within the Redwall Limestone (e.g. Grand Canyon caverns, see section: 4.3.1.1). The 
developing voids concentrate stress in the surrounding rock mass, which results in stress induced 
fracturing (see section: 2.2). Analysis of the solution cavern along the South Kaibab Trail shows 
stress-induced joints in the surrounding rock mass of the cavern, which developed as circular 
fractures around the back of the cavern and hence distinct to the in-situ joint sets (see section: 4.3). 
Similar induced fracture sets developed in the surrounding WR of the Devils Kitchen (see section: 
4.6.2). These fractures dip radially away from the collapse centre and the dip angle decreases 
towards the top of the cave, forming a bell shaped fracture set (failing arch). Increased wall rock 
fracturing around solution caverns in the Redwall Limestone demonstrates the impact of developing 
caves on the structural integrity of the surrounding rock mass, supporting the conceptual model of 
Duplancic and Brady (1999). 
The study has shown that the caverns in the Redwall Limestone and subsequently SCBPs developed 
along major basement faults and intersecting major joints. The examples studied are exposed in the 
proximity to a major fault or developed along a major structure (e.g. Eagle Sink, Navajo Pipe). The 
geometry of the cavern’s back and sidewalls is mostly structurally controlled and formed along 
joints and faults (see section: 4.3). This is an important observations in terms of BC, since major 
structures have a significant influence on the cave development in natural systems, as well as 
induced underground mining. In BC it is preferable to align the advancing undercut face with the 
strike of major structures (Brown, 2003) (see section: 2.3).  
Some joints in the surrounding rock mass were likely to be stress induced as the cavern widened. If 
the size of the cavern (void) exceeds a certain volume and cannot support the roof anymore, the 
rock mass will fail (Brown, 2003). Thus, further enlargement of the caverns will eventually cause 
the overlying rock mass to collapse into the void. The study has identified a strong correlation 
between block size and the spacing of pre-existing and induced discontinuities, including bedding 
surfaces (e.g. Devils Kitchen, see section: 4.6.2), and that bedding plane failure has a significant 
impact on failure of the rock mass. This is an important observation in terms of block size formation 
in BC. The block size formation is not only controlled by in situ and induced discontinuities, but 
164 
 
additionally bedding plane failure has a significant impact on the formation of blocks. Although, 
failure along bedding plane discontinuities is recognised in cave mining, these are generally not 
considered to play a major role in determining block size in igneous deposits such as porphyry 
copper (pers. comm., Chitombo, 2018). 
After the initiation of caving and further dissolution of the collapsed rock, the BB progressed 
upwards, eventually intersection the surface in many cases (e.g. Navajo Pipe, see section: 4.1.4). 
However, as previously discussed, the hydraulic radius must exceed a certain aspect ratio, which 
depends on the rock mass to be caved. The study has shown that caving may be initiated in less 
competent, thin-bedded units within the Redwall Limestone, propagated upwards, but failed to 
intersect more competent, thick-bedded units overlying the developing void, forming a natural 
barrier for upward propagation (e.g. Solution Caverns, see section: 4.3). The transitioning between 
rock types or units of alternating competency may influence the shape of the system, e.g. wider and 
narrower section in terms of pipe diameter (such as the shape of an hourglass). The rock mass 
surrounding the cavern back is affected by stress induced jointing, however, the rock mass failed to 
cave. This is an important observation in terms of determining the caveability of the rock mass in 
BC and subsequently mine design. In mining the caveability of a rock mass is determined by its 
geotechnical characteristics, such as geological strength index, fracture density and spacing, etc 
(Brown, 2003). These information are obtained from drill core by counting the discontinuities and 
subsequent upscaling to the rock mass. However, the information can vary significantly within the 
same domain, due to the orientation of the drilling, e.g. if the rock mass is drilled parallel to 
jointing, the fracture density might be underestimated (Brown, 2003). This study focused on 
assessing the rock mass characteristics at outcrop scale in terms of fracture density and spacing (see 
section 3.6.2) to avoid orientation bias or error due to the drilling direction. It was determined that 
the caveability of a rock mass may vary even within the same geological formation (e.g. strength of 
the rock mass, size of the void) depending on the different rock competency within an interbedded 
unit (e.g. interbedded siltstone/sandstone units). 
The stalling of the cave demonstrates that the removal of already broken material from the system is 
important to maintain caving, as every unsupported rock mass will cave if the void below exceeds a 
critical volume (Brown, 2003) (see section 2.2). If sufficient material is removed, caving is 
maintained. However, the hydraulic radius of a rock mass might change depending on the 
characteristics of the rocks to be caved, and accordingly the air gap (void) needs to be adjusted 
(Laubscher et al., 2017). Once the void is filled by broken material due to interruption of or cease 
from material extraction, the surrounding rock mass will be supported by the collapsed material and 
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stops the cave from progressing upwards. Hence, the extraction of material must exceed the rate of 
caving to maintain an unsupported void. This is an important observation in terms of draw control. 
In mining, it is important to maintain a sufficient air gap between the top of the muck pile and cave 
back to allow the overlying rock mass to cave. However, the air gap should not exceed a certain 
height to prevent potential hazards; such as a massive rock fall from the cave back, which may 
cause an air blast at the production level (Brown, 2003). Hence, it is important to control the 
drawing rate to sufficiently remove material from the system and maintain caving. 
 
5.4.3 The Caving Zone and Breccia Body 
 
5.4.3.1 Caveability and Fragmentation 
The study of SCBPs and sinkholes allowed the observation and analysis of the collapsed blocks 
within the caved system using scaled 3D imagery from outcrop (e.g. Devils Kitchen, see section: 
4.5), as well as the physical characteristics and structure of the surrounding host-rocks. In cave 
mining, the collapsed blocks above the muck pile, as well as the cave back, cannot be observed and 
the particle size and size distribution can only be estimated from previously recorded in situ 
parameters (see section: 2.3). This study corroborates existing approaches to study fragmentation 
distribution. For this the 3D photogrammetry models (see section: 4.5) were used to model the floor 
and surrounding WR of sinkholes to directly relate the collapsed blocks back to their origin. The 
floor and surrounding WR were analogous to the muck pile and cave back in BC. The study has 
demonstrated that SCBPs can be used to predict the fragmentation distribution in collapsed cave 
systems, and thus can be used to predict primary fragmentation in BC, which cannot be measured in 
inaccessible zones. Important findings include:  
 
• Host lithology, as well as pre-existing and induced discontinuities controlled the fragment 
sizes 
• There is a direct relationship between BT and FD 
• There is a direct impact of rock competency on caveability and fragmentation 
• Bedding strongly influences caveability and fragmentation, and 
• There is a wide range of fragment spatial and size distribution in natural systems 
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The study of the natural systems has shown that rock fragmentation is controlled by the lithology 
and pre-existing, stress- and gravity-induced discontinuities formed in the rock mass, as it was 
undermined and failed (e.g. Devils Kitchen, see section: 4.6.2). In this regard, the analysis of the 
surrounding WR showed a direct relationship between the BT and FD. The frequency of 
discontinuities decreases with an increasing bed thickness and vice versa (e.g. see section: 4.6.2.2). 
Additionally, the study has shown that the rock mass failed along bedding planes and thus bedding 
is considered to have a strong influence on the caveability and fragmentation of the rock mass (in 
particular for competent lithologies, such as lime- and sandstones). The 3D models were used to 
evaluate the volume of the collapsed blocks and correlate them with the calculated block sizes in 
respect to the parameters influencing the fragmentation of a rock mass, such as BT and FD. There is 
a good correlation showing a strong influence of BT and FD on block size formation. These 
findings confirm the relationship between the in situ and primary fragmentation, which is used in 
gravity caving to predict fragment sizes via a breakage function that integrates the strength of the 
material and the comminution energy from the fall height and the mass of the block (see section: 
2.5.5).  
Two case studies to determine fragmentation distribution in BC were introduced in section 2.5.5.1. 
Both examples showed a good correlation between the predicted and measured fragmentation 
distribution for larger blocks, whereas the generation of fine material was significantly 
underestimated (Brunton et al., 2016a). In BC, estimating the fragment sizes has a significant input 
to mine design and operational aspects. Large blocks could interlock, form self-supporting arches or 
potential hang-ups. In natural caving systems, there is a wide range in size distribution with 
proportionally more small to medium sized blocks and a high percentage of fines on average (see 
section: 4.6.1.4, 4.6.2.3, 4.6.3.4). The results from BC corroborate the findings from the 
fragmentation distribution in natural systems. However, in the case of the natural systems, the 
material had not entered the draw column and was not affected by secondary fragmentation 
processes. This study provides information about the relationship between in situ and primary 
fragmentation (early stage of caving), and has shown that competent rock forms larger blocks, 
whereas incompetent material forms smaller fragments. Thus, the competency of the rock has a 
direct impact on the generation of fines with incompetent rock masses being subject to increased 
fragmentation and generation of small particles. This is an important observation in terms of the 
generation of fines at an early stage of caving. Hence, the rock mass should be divided into different 
domains to derive individual breakage functions for each domain. The case studies from BC 
measured the fragment size distribution at the drawpoints, where the material was extracted from 
the system. A significant discrepancy between the predicted and measured fragmentation 
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distribution was determined (see section: 2.5.5.1). The results from BC suggest that the material 
flow within the cave is disturbed and may result in the establishment of preferential pathways for 
finer material (Brunton et al., 2016a). Therefore, the material reporting to the drawpoints may be 
from several sources within the mine, with fine material percolating through the voids between 
larger clasts (Brunton et al., 2016a).  This has a significant impact on ore recovery (Brown, 2003), 
since finer material above the ore might be extracted from the drawpoint prior to the ore. 
 
5.4.3.2 Material Movement in the Subsidence Column 
In BC, it is not possible to observe the flow of subsiding material in a draw column. Only the 
fragments reporting to a drawpoint can be assessed. Exposures of lithified BBs of SCBPs allowed 
for the detailed examination of the internal anatomy of (formerly) mobilised column of fragmental 
rock. Comparing the results of this study with the conceptual flow model for material movement in 
BC (see section 2.4, after Laubscher, 2000) and theoretical models of flow from numerical 
simulations, similarities in material movement can be determined. 
The conceptual model for material movement in BC shows the influence of drawing from multiple 
drawpoints (see section: 2.4) and demonstrates, that the material movement in BC can be, in parts, 
considered as analogous to the material movement within an SCBP. In the natural system the 
material is removed homogeneously across the cave (cf. undercut) by dissolution, and would rather 
be analogous to drawing from one isolated drawpoint or material movement above the HIZ, 
considered as mass flow zone (see section: 2.4). Hence, distinctive analogues had to be considered 
to compare the material flow in an SCBP with the conceptual flow model for BC: 
 
• Analogue 1: Material movement controlled by draw from isolated drawpoint 
• Analogue 2: Material movement above HIZ 
 
Important findings from natural systems in terms of mining considerations: 
 
• Increased rotation and shearing of clasts towards the PM 
• Heterogeneous distribution of porosity within the subsidence column (e.g. enhanced water 
movement / zone of mineralisation) 
• Localised areas of more rapid downward flow within the subsidence column (‘pipe within 
pipes’) 
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• Bulk composition of fragments/clasts in the BB maintained (spatial proximity of clasts from 
the same host unit) 
• Percolation of finer material  
• Influence of the host-rock lithology in terms of block formation, geometry, size and attrition 
in the subsiding column 
 
SCBPs exhibit a wide range of clast size distribution of the fragmented material from <1 cm 
(cobbles) to large blocks of 5.5 m diameter across the BB (e.g. Navajo Pipe, see section: 4.1.4). 
Some clasts are rotated and interlock with adjacent clasts (e.g. Kaibab Pipe, see section: 4.1.2) 
while others form open framework, matrix supported breccias (e.g. Navajo Pipe). The material 
between the clasts is composed of a fine-grained matrix derived from the surrounding or overlying 
rocks, as well as silicate (e.g. quartz) and carbonate (e.g. calcite) minerals (e.g. Navajo Pipe, Kaibab 
Pipe). Due to the interlocking of larger particles and void development, preferential pathways were 
established which enhanced the downward percolation of finer grained material. The faster 
movement of fines may result in the accumulation of large bodies of fine grained material up to 200 
m below their host strata (e.g. sand-body in Orphan mine, see section: 4.2.2). This phenomenon is 
also known in cave mining, and results in increased amounts of fines reporting to the drawpoints 
(e.g. Brunton et al., 2016a; 2016b). 
Apart from that, the larger clasts retain spatial proximity to clasts from the same host unit. Hence, 
the in situ bulk composition of the host strata is maintained within the subsiding BB (e.g. Pinenut 
Mine, see section: 4.2.1). No significant mixing of different lithologies was recorded. This supports 
Laubscher’s theory (2000) about the mass flow zone in the upper part of an established cave, where 
the broken material subsides at an even rate if no interaction of the draw zones occurs (see section: 
2.4). However, the rapid downward percolation of finer grained material between larger clasts 
suggests varying flow rates depending on the particle sizes. This is inconsistent with Laubscher’s 
theory of uniform flowing rates with nor vertical or horizontal mixing regardless of the particle size 
(see section 2.4). 
A key observation from SCBPs is an enhanced rotational movement of the clasts towards the 
margins of the subsiding BB. Some elongated, tabular-shaped fragments align approximately 
parallel to the PM (cf. Kaibab Pipe, Navajo Pipe) and were rotated around their horizontal (long) 
axis. In contrast, clasts near the centre of the breccia pipes are largely flat-lying, with only minor 
rotation about sub-horizontal axes (e.g. Kaibab Pipe, Navajo Pipe).  
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The subsiding clasts drag along the deformed, but solid WR. In this zone, the clasts are subject to 
rotation and abrasion along the edges. Enhanced rotation results in intensified bulking and an 
increase in grain-scale disaggregation and matrix infill. On the contrary, the horizontal layering 
towards the centre of the BB suggests a tight ‘packing’ and compaction of the broken rock. The 
matrix infill is more porous than the intact rocks and allows for enhanced water flow and 
introduction of minerals (e.g. uranium). A dense zone of low porosity develops in the centre of the 
BB, whereas the PM is subject to increased porosity due to the larger proportion of matrix infill. 
The identification of high density or porous zones is important in terms of material movement 
within a subsiding rock mass. Some SCBPs contain significant amounts of uranium (e.g. Pinenut 
Mine, see section: 4.2.1, and Orphan Mine, see section: 4.2.2). The uranium is mainly concentrated 
around the margins, however, some mineralisation is localised within the BB and represents porous 
zones within the column. These observations are important to consider in terms of identifying zones 
of enhanced movement of fine grained material, such as matrix, and enhanced bulking and 
interlocking of larger fragments, to better understand the particle flow in caving. 
The natural examples show a more complex flowing behaviour, than the early conceptual models of 
granular flow suggests (e.g. Kvapil, 1964), which was applied to empirical and numerical modelling 
of flow in BC (see section: 2.4). Distinctive zones of enhanced porosity and material movement 
were identified in SCBPs, particularly along the outer zones of the BB. The approximately parallel 
alignment of fragments along the margins has also been observed in magmatic-hydrothermal 
breccia pipes by Sillitoe and Sawkins (1971) (see section: 2.7). This suggests a strong interaction 
between the shear zone (PM) and subsiding clasts in the BB prior to lithification. The findings of 
the natural systems corroborate the results from Hancock (2013), who modelled the material 
movement in isolated draw (see section: 2.4). Hancock (2013) identified highly porous zones along 
with intensified shearing at the outer margins of subsiding broken rock columns, whereas the centre 
was characterised by high density.  
 
5.4.4 Zone of Influence 
The Zone of Influence in BC represents a surrounding region of deformed host-rock of the caving 
zone that results from the evolving stress field of the upward progression of the cave (Brown, 
2003). The rock mass is subject to elastic or non-elastic relaxation, which causes the failing of local 
discontinuities with limited displacement due to confining stresses (Laubscher et al., 2017). During 
cave development the stresses decrease and more pronounced displacement occurs (Laubscher et 
al., 2017). The deformation is less intense than that which occurs in the caving zone. A clear 
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prediction of the likely extent of any potential zone of influence is important for BC mine design, 
because no mine infrastructure can be placed in it (Brown, 2003, 2007). The subsidence and 
deformation processes that operate in the zone of influence are uncertain, relying on drill-hole data 
and the occasional underground development that intersects it (Brown, 2003, 2007; Webster, 
2015a). Estimations for the extent of this zone are limited and depend on local experience, 
monitoring and numerical modelling (Butcher, 2002). Karzulovic et al. (1999) applied geometrical 
parameters to calculate the zone of influence for the Ten 4 Sector of the El Teniente Mine in Chile, 
however, due to an unsatisfying discrepancy between the predicted zone of influence and actual 
deformation associated with caving, this approach to calculate the zone of influence was rejected. 
 
5.4.4.1 Learnings from SCBPs 
The study of SCBPs exposed in canyon walls allowed direct field observation and measurement of 
the subsidence-related structures that developed at the margins of the BB during its formation. In 
the natural systems the zone of influence comprises the PM and DZ and affects a wide region of 
rocks peripheral to the BB, often extending up to 100 m or more beyond the defined edge of the BB 
(e.g. Eagle Pipe). The observations made in this study (see section: 5.2.2, 5.2.3) enhanced the 
understanding of the processes operating at the PM during subsidence-related deformation in the 
BB and how the rock mass responded to subsidence-induced failure. The outcome of this study 
provides insights into the processes that might operate at the margins of developing cave mines, 
which otherwise cannot be observed. 
• Deformation mechanisms are controlled by lithology 
• Induced high-angle normal faults of various scales developing in the zone of influence 
• Normal fault displacement of the strata towards the centre of collapse 
• Increased faulting towards the margins 
• Development of shear zones along the PM indicating differential flow (‘telescoping’) 
• Development of annular ‘ring fractures’ surrounding the BB 
• Increased porosity, water movement and material flow along the PM 
The research has shown that the surrounding rocks of an SCBP are affected by largely brittle and 
some ductile deformation. The deformation mechanisms depend on the host lithology. Competent 
rocks (e.g. limestone/sandstone) mainly undergo brittle deformation, whereas only subtle ductile 
deformation was noted in less competent material (e.g. siltstone/mudstone) (e.g. Eagle Pipe, see 
section: 4.1.1). The competent units show induced fracturing. Steeply dipping fractures of various 
scales were observed in the DZ. Individual beds were displaced along normal fault planes of up to 5 
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m towards the centre of collapse (e.g. Eagle Pipe). The frequency of faults intensifies towards the 
margins along with a greater displacement of the strata. The width of the zone of influence varies 
depending on lithology, but continuously develops due to water flow, that removes soluble material 
and results in further sagging over geological time. The influence of lithology should be an 
important consideration in mine design where BC stopes transect different lithologies, however, 
ongoing deformation and development of this zone is on a different and much shorter timescale by 
comparison. This time difference is a main criticism of the comparison of SCBPs with BC, in 
addition to the inherent layering in sedimentary strata that is not observable in large scale, massive 
igneous complexes. In these, the fractures play a significant role, but their variation with respect to 
geological domains is not always accounted for in predictive modelling. 
The lateral extent of the zone of influence varies between units within the stratigraphic column. The 
lower units (Supai Group, Hermit Formation) show a wide zone of influence with an aspect ratio of 
1:3 (width of the BB to width of zone of influence) (e.g. Eagle Pipe, see section: 4.1.1; Kaibab Pipe, 
see section: 4.1.2). The units towards the middle section of the stratigraphic column (Coconino 
Sandstone and Toroweap Formation) show only little deformation in the surrounding rocks (e.g. 
Navajo Pipe, see section: 4.1.4). The Kaibab Formation forms the surface bedrocks across the 
majority of the Colorado Plateau. Here, the zone of influence can be many times larger than the 
actual width of the BB (e.g. Navajo Pipe). The study has shown that the width of the zone of 
influence varies between the stratigraphic units and, depending on the rheological properties and 
sequence of stratigraphic units (e.g. Hermit Formation), can be described as an hourglass-shape in 
cross-sectional view for the studied pipes. This is important to consider in mining that the zone of 
influence may vary across the stratigraphic column.  
The study has shown that steeply dipping faults developed around the BB, which circularly wrap 
around the subsiding body of fragmented material. The fractures at the PM were likely to be 
induced by increased friction along the margins caused by vertical displacement of the detached 
material within the BB (prior lithification) and drag along the undeformed host-rocks. These 
fractures were previously described as ‘ring fractures’ (e.g. Wenrich, 1985) and are a characteristic 
feature of the PM. These shear zones can be observed in outcrop and indicate differential flow 
along the margins, which was previously described as ‘telescoping mechanism’ (e.g. Eagle Pipe, 
see section: 4.1.1). Increased shearing and deformation of the material within this zone enhanced 
water movement and the introduction of minerals, such as uranium (e.g. Pinenut Mine, see section: 
4.2.1, Orphan Mine, see section: 4.2.2). Hence, the location of U-ore indicates zones of higher 
porosity and permeability.  
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The research has shown that the surrounding rocks remain affected by further alteration and 
potential dissolution of soluble rocks due to enhanced water movement within the caving zone, as 
well as ongoing subsidence. In the direct vicinity of the Navajo Pipe, a large block was displaced 
vertically for 14 m within the DZ (see section: 4.1.4.1). This observation is important to consider in 
mining to ensure safety even after the mine closure. The long-term effects on the surrounding rocks 
of an abandoned mine remain unknown.  
 
5.4.5 Surface Subsidence 
Predicting the effects of potential surface subsidence is one of the most important considerations in 
mining and has been studied since 1830 (Brown, 2003). In BC, this topic has been monitored since 
1920 (e.g. Fletcher, 1960), however, predicting the impact on the surface due to underground 
mining remains challenging (Brown, 2003). The depression on the surface caused by subsidence 
has a major impact on the landscape and remains after mine closure (Webster, 2015a). The area 
surrounding the surface subsidence crater is unstable and the long-term effects on the area, such as 
groundwater movement, are still unknown. The surface subsidence crater may continue to grow 
even after the mine closure, and requires ongoing management (Webster, 2015a). 
 
5.4.5.1 Learnings from SCBPs 
The study of SCBPs has shown that the upward progression of the developing BB affects the 
surface bedrocks to varying extents. The likely future impact and extent of surface subsidence are 
important considerations prior to mine establishment. Important findings of this study include: 
 
• Circular surface depression around the centre of collapse with inward dipping beds 
• Potential for enhanced water movement within the area (catchment) 
• Ongoing erosion, subsidence and alteration of the surface bedrocks 
• Long-term effects of the surface subsidence 
 
The research has shown that SCBPs caused shallow circular depressions on the surface with inward 
dipping beds (e.g. Navajo Pipe, see section: 4.1.4; with multiple examples recorded by Billingsley, 
1992). The basins act as catchment basins and enhance downward surface and groundwater 
movement, which favours an increase in dissolution and chemical interaction (alteration) with the 
host-rock (alteration halos, see section: 2.8.4; and Navajo Pipe, see section: 4.1.4).  
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The surface subsidence is subject to continuous erosion, further subsidence, and change in 
vegetation. Due to ongoing erosion and water movement, the width of these shallow structural 
basins grows over time and may be many times larger than the initial surface depression. Wenrich 
et al. (1986) documented one SCBP with an aspect ratio of 1:21 in respect to the width of the BB to 
the width of the surface depression.  
This is a very important observation and need to be considered in terms of mining. The natural 
examples showed that the landscape will remain permanently scarred. Former mine surroundings 
will be affected by ongoing deformation in the sub-surface. Ongoing erosion and water percolation 
will enhance this process. The surface will be subject to continuing subsidence and the growth of 
the initial surface depression (‘crater’). This is an important consideration when delineating safety 
zones around abandoned BC mine sites.  
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6 CONCLUSIONS 
 
The study of SCBPs and sinkholes showed that the natural systems are, in part, analogues to mining 
induced caving. The theoretical knowledge from empirical and numerical modelling about gravity 
flow and caving developed for BC was tested against multiple examples on the Colorado Plateau, 
USA. This was the first time that the findings from small-scale experiments were verified by 
examination of full-scale caving systems. Field observations and 3D photogrammetry models 
allowed for detailed assessment of the BB, as well as the surrounding host-rock.  
The characteristics of the rock mass at all scales are fundamental to understanding its caveability 
and fragmentation, and behaviour of the broken material in the draw column (cf. BB). Variation in 
the host lithologies that the propagating SCBP passes through, and pre-existing and induced 
discontinuities (including bedding) directly impact the size and shape of the rock fragments entering 
the column. In addition, alternating host lithologies reflect the bulk compositional zoning of clasts 
once resident in the BB (little mixing appears to take place in SCBPs). This confirms the 
relationship between in situ and primary fragmentation in gravity caving. Bedding surfaces are 
particularly important discontinuities for block size formation, and control the dimensions of many 
blocks/clasts.  
The study of SCBPs and sinkholes revealed insights into the details of deformation mechanisms 
within the BB, as well as surrounding rocks, which were affected by the collapse (e.g. PM, DZ). 
The BB is formed from fully detached and mobilised rock fragments that are matrix- or clast-
supported. The clast sizes and angularity varies depending on the primary rock lithology and shows 
a wide size distribution, particularly at the early stage of caving (e.g. sinkhole floors, equivalent to 
the top of a BC muck pile). Competent lithologies (e.g. lime- and sandstone) produce larger clasts, 
while less competent rocks (e.g. mud- and siltstone) generated fine particles because of their large 
degree of abrasion. They also generated the matrix material that infills the spaces between larger 
clasts. Fragments of carbonate and silicate minerals are present in minor amounts. The surrounding 
rocks were affected by the collapse and are deformed to varying degrees, depending on the 
lithology and the horizontal distance from the centre of collapse (the BB). Ring-fractures developed 
at the boundary of the fully mobilised rock debris (the BB) and the intensely deformed rocks 
surrounding the outer margins, now represented by the PM.  
Complex flow behaviour within the BB can be inferred from the interlocking of larger blocks and 
faster percolating of fines. However, the bulk composition of the material was maintained within 
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the subsiding rock mass of SCBPs and, apart from the matrix material, no significant mixing of 
larger clasts of different lithologies was observed. The effect of the material movement within an 
SCBP is diversified across the BB. Distinctive zones of shearing, bulking and rotation were 
identified at the margins of the subsiding rock mass, whereas the fragments towards the centre 
generally remain flat lying with only minor rotation. These observations corroborate the findings of 
Sillitoe and Sawkins (1971) who likewise identified zones with varying fragment orientation in 
Chilean hydrothermal magmatic breccia pipes. Water movement and introduction of minerals (e.g. 
carbonates and uranium) is enhanced along these zones, which were often highly porous. Some 
SCBPs show significant amounts of water-transported uranium mineralisation, which is mainly 
concentrated around the BB margins and within the PM. The mineralisation reflects highly porous 
zones in the system. 
The results of this study suggest that SCBPs are analogous to the standard ‘single drawpoint’ DEM 
flow modelling simulation that has guided the theoretical understanding of cave mining flow 
processes (e.g. Hancock, 2013), and are comparable to the mass flow zone above the height of 
interaction in a BC mine. The theoretical assumptions inherent in such DEM models have not been 
tested or verified in full-scale experiments, apart from Brunton et al. (2016b; 2016a) study of the 
flow characteristics of BC using full-scale marker trials in a BC mine. The research on SCBPs has 
enhanced the understanding of material flow in a gravity-controlled environment by providing 
practical observations of a single basal exit point subsidence structure (cf. isolated drawpoint). 
Numerical simulations operate on simplified input data and thus are limited in providing detailed 
information on the behaviour of different size and shaped blocks in the subsiding column or the 
influence of host-rock lithologies on subsidence mass flow behaviour. Bedding plane failure should 
be considered as a significant factor when assessing the caveability and fragmentation of a rock 
mass. 
The study has supported the view that SCBPs and sinkholes are analogous to mining induced 
caving in many ways. Similar, comparable zones were identified between the two systems. The 
results of previous small-scale empirical and numerical modelling (e.g. Hancock, 2013) have been 
compared with field observations to assess theoretical assumptions at full-scale. Even though BC is 
mainly performed in metasedimentary hosted or hard rocks ore deposits, and differs from the 
sedimentary strata hosting SCBPs, this study has shown that the differences in host-rock lithology 
in terms of competent and incompetent material has a significant impact on rock fragmentation and 
deformation processes in the surrounding host-rocks. 
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6.1 Limitations of the Comparison with Cave Mining Systems 
This study was focused on SCBPs and sinkholes on the Colorado Plateau, USA. The strata of this 
region are horizontally layered sedimentary rocks comprising mainly limestone, sandstone, siltstone 
and mudstone. The research has shown that bedding has a significant impact on the failure 
fracturing of the sedimentary rock mass during subsidence, and on the size, shape and geometry of 
the clasts that enter the void. Layering may also occur in igneous (e.g. lava flows, volcaniclastics) 
and metamorphic rocks (e.g. foliation), but has not been considered as a dominant plane of 
weakness (Priest, 1993), and is frequently ignored when estimating the potential fragment sizes in 
underground mining igneous rocks, e.g. porphyry copper deposits (pers. comm., Chitombo, 2018). 
To extend this research, future studies should focus on subsidence mechanisms in igneous or 
metamorphic rocks. In igneous or metamorphic rocks it is challenging to relate fracture sets back to 
an inherent fabric, as these massive rocktypes do not have depositional bedding planes. However, 
the fracture sets can be related to domains of different texture and fabric (Sillitoe and Sawkins, 
1971). This could be studied in open cut pits of porphyry copper deposits as analogues, else one 
could examine breccia pipes in igneous or metamorphic terranes, such as the breccia pipes studied 
by Sillitoe and Sawkins (1971) (see section 2.7). 
Another limitation of this study is that the mechanisms by which broken material is removed from 
the subsidence column to promote upward propagation of the caving structures is very different in 
the natural and mining systems. In BC, rock is mechanically removed from the drawpoint and taken 
out of the system. In SCBPs, the material is removed by slow dissolution and disaggregation of 
soluble rock or matrix (e.g. carbonates). The basal cavern (cf. drawpoint) is not ‘cleared’ of the 
previously broken material and non-soluble rocks remain in the system. Thus, the bulk of the 
broken rock remains in the column until geological processes remove it. This has a significant 
impact on material movement and subsidence of the overlying rock because it can potentially 
impede the downward movement of material and ‘choke off’ the upward propagation of the SCBP. 
Therefore, there cannot be a direct comparison made between SCBP upward propagation and the 
rapidly increasing draw column height of a BC, and its effects on the overlying subsiding rock mass 
in terms of increasing stresses and secondary fragmentation processes. 
Another disadvantage is the restriction to being analogous to the mass flow zone or drawing from 
one isolated drawpoint. Due to the circumstances in natural caving the material movement in the 
interaction zone cannot be assessed, in terms of material mixing or alternating flowing rates due to 
multiple operating drawpoints. Besides, mining from one isolated drawpoint is not a real-world 
scenario, and only theoretical. Empirical and numerical modelling, as well as SCBPs, may help to 
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better understand the flowing characteristics for one isolated drawpoint, which can be used to 
calibrate flow models for multiple operating drawpoints.  
SCBPs develop over geological time (millions of years), through continual erosion by water flow 
(including dissolution, disaggregation, leaching and alteration), and abrasion. Mining induced 
caving occurs over a short period (maximum several decades). Due to the time it took for the 
development of SCBPs, fluctuating water tables and meteoric water caused the dissolution of 
soluble material, as well as the deposition of minerals, such as uraninite and calcite. The 
mineralisation occurred in phases and was subject to changing environments (such as reducing, 
redox or oxidising). The minerals were introduced by precipitation from percolating fluids, which 
migrated through zones of higher porosity. The subsequent mineralisation led to changes of the 
porosity. In terms of calcite mineralisation, the calcite filled the open voids between clasts (as seen 
at the Kaibab Pipe). Additionally, further dissolution of soluble material and subsequent compaction 
of non-soluble material in the BB led to an increase of the stresses in the surrounding rock mass, 
which subsequently caused further collapsing events. SCBPs developed over geological time due to 
multiple collapsing events, with potential periods of stability and establishment of self-supporting 
arches. Hence, the timescale over which SCBPs developed and subsequently the influence of water, 
along with several mineralisation phases, had a major impact on the development of SCBPs. A 
detailed study of the timing of the induced fractures in the wall-rocks surrounding SCBPs would be 
interesting and add to a better understanding to the timeframe over which these systems developed. 
Time is the most significant difference between the natural and the mining systems and the most 
difficult to reconcile when comparing the two systems. However, further insights into the potential 
long-term effects on natural environment of mining induced caving (e.g. ongoing erosion, marginal 
subsidence and the effects on groundwater) may be gained from the study of SCBPs.  
 
 
6.2 Future Recommendations 
The results of this research show that natural systems are analogous to mining induced caving and 
have the potential to verify and confirm the theoretical understanding of caving mechanics from 
empirical and numerical modelling. However, future studies should address various aspects and 
differences between the two systems, which may help to better understand the caving behaviour in 
BC, but also the development of SCBPs.  
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The data acquisition was mainly limited to photography and, where possible, restricted sampling. 
Future studies should focus on enhanced sampling, especially targeting the matrix infill material 
between the clasts, to determine more details of the nature of the matrix and its origin. In doing so, 
the material movement within SCBPs and the percolation of fines could be addressed and studied in 
more detail. This should give further insights into the varying permeability and porosity zones 
across the SCBPs. Where possible, the water pore pressure and grade of uranium could be used to 
back calculate the porosity. Hence, uranium mines should be target and specifically sampled at the 
zones of varying mineralisation (high grade to low grade) to define similarities and differences in 
terms of porosity and permeability of these zones and how this affects the material movement 
within the SCBP, as well as percolation of fluids.  
Other future recommendations would be to study subsidence mechanisms in structural complex 
rock masses, such as magmatic or metamorphic rocks. Many porphyry ore deposits are subject to 
underground mining such as BC. Two ore deposits hosted in volcaniclastics and sediments were 
already presented in this thesis. However, to further enhance the research and overall understanding 
of subsidence mechanisms, it is recommended to expand future studies and find natural analogues 
to those porphyry deposits. Based on the results presented in this thesis, it is expected, that the rock 
mass will fail along pre-existing discontinuities in a low stress environment, or along induced 
discontinuities in a higher stress environment. The thesis has shown that bedding (layering) has a 
significant influence in terms of fragmentation distribution. Hence, more emphasis should be put on 
the research in layered metamorphic or volcaniclastic rocks to better understand to which extent 
layering influences the breakage behaviour and fragmentation distribution in those systems. 
Future studies should focus on the time differences between those systems. An interesting 
experiment would be to study the subsidence mechanisms in a porphyry deposit over geological 
time, similar to SCBPs (e.g. millions of years). In that sense it could be assessed which influence 
time, and thus weathering, water movement, mineralisation, secondary subsidence, material 
compaction, etc. would have on these systems. In the case studies the rock mass was analysed in 
terms of its breakage and fragmentation distribution. The results could be compared with the 
findings of this study and then used to do a back analysis to see how these factors would influence 
the development of BC over time. The findings could be addressed in future mining operations to 
lower the environmental footprint and make mining more sustainable.  
Another recommendation would be to study the influence of different rock types on caveability. 
Several rock mass ratings exists, which are used to determine the caveability of certain rock masses, 
such as rock mass rating (RMR) or mining rock mass rating (MRMR). The rock mass ratings are 
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calculated from the intact strength of the rock mass, number of discontinuities and stresses applied 
to the rock mass. MRMR was developed from the RMR to account for adjustments that need to be 
addressed, such as weathering, joint orientation, induced stresses and blasting (). It would be 
recommended to apply these rating systems to the rock masses of SCBPs to define the breakage 
behaviour and caveability of the rock mass. The results from the natural systems could be compared 
with the case studies used to define stability charts. It would be interesting to see similarities or 
differences of the breakage behaviour of natural systems and induced caving, based on their rock 
mass rating. This study has shown that different rock types have different effects on the caveability, 
due to varying rock strength, bed thickness and frequency of discontinuities. With more detailed 
studies about the rock strength and stresses it would be good to calculate the hydraulic radius for the 
natural systems and compare the results with the stability chart used in the industry, such as 
Laubscher (1990).  
Another interesting aspect for future studies would be the secondary collapsing events after the 
initial development of an SCBP. Some examples are known to undergo further internal collapse, 
such as piping, which results in ‘pipes within pipes’. Future studies should target those examples to 
better understand what causes the development of pipes within pipes. It is likely that those zones are 
subject to enhanced fluid movement and thus ongoing removal of material, due to solution. This 
could result in weakening of the compacted material and thus instability, which enhances further 
collapse. It would be interesting to analyse these pipes within pipes and determine if the breccia 
within those pipes is composed of former brecciated material or if it is composed of the same clasts 
and matrix like the host breccia pipe. The study would result in an enhanced understanding of the 
collapsing mechanisms and ongoing subsidence within natural systems. The findings could be 
applied to BC and would help to better determine zones of potential collapse and further 
subsidence, which is important to predict in mining for operational aspects and prevention of 
accidents. 
Finally, the results of this study would be significantly enhanced if the data generated was utilised 
as the basis of a numerical modelling study of SCBP formation. The models could then be 
compared to existing numerical models of BC, such as Hancock (2013). Numerical modellers 
would benefit from that study in terms of better understanding the flow behaviour in natural 
systems and numerical models. The findings could assist in calibrating existing models, which 
would help engineers in the development of future mines and mine design.  
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APPENDICES 
 
AI.1 List of Map Units 
 
Cba  Bright Angel Shale (Middle Cambrian) 
Cm  Muav Limestone (Middle Cambrian) 
Ct  Tapeat Sandstone (Middle and Lower Cambrian) 
Dtb  Temple Butte Formation (Upper and Middle Devonian) 
MPu Wescogame (Upper Pennsylvanian), Manakacha (Middle Pennsylvanian), and 
Watahomigi Formation (Lower Pennsylvanian and Upper Mississippian), undivided 
Mr  Redwall Limestone (Upper and Lower Mississippian) 
Ms  Surprise Canyon Formation (Upper Mississippian) 
Pc  Coconino Sandstone (Lower Permian) 
Pe  Esplanade Sandstone (Lower Permian) 
Pep  Esplanade Sandstone and Pakoon Limestone (Lower Permian) 
Ph  Hermit Formation (Lower Permian) 
Ph?  Hermit Formation (Lower Permian) - probably 
Pk  Kaibab Formation, undivided (Lower Permian)  
Pkf  Fossil Mountain Member (Kaibab Formation) (Lower Permian) 
Pkh  Harrisburg Member (Kaibab Formation) (Lower Permian) 
Ps  Supai Formation (Lower Permian to Upper Mississippian) 
Psh  Schnebly Hill Formation (Lower Permian) 
Psh?  Schnebly Hill Formation (Lower Permian) - probably 
Pt  Toroweap Formation, undivided (Lower Permian) 
Ptb Brady Canyon and Seligman Members, undivided (Toroweap Formation) (Lower 
Permian) 
Ptc  Toroweap Formation and Coconino Sandstone (Lower Permian) 
Ptw  Woods Ranch Member (Toroweap Formation) (Lower Permian) 
Qa  Alluvial deposits (Holocene and Pleistocene) 
Qae  Young mixed alluvium and eolian deposits (Holocene and Pleistocene) 
Qaf  Artificial fill and quarries (Holocene) 
Qag  Alluvium (Holocene) 
Qal  Alluvium (Holocene) 
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Qay  Young alluvial fan deposits (Holocene and Pleistocene) 
Qd  Dune sand and sand sheet deposits (Holocene) 
Qf  Flood-plain deposits (Holocene) 
Qgy  Young terrace-gravel deposits (Holocene and Pleistocene) 
Ql  Landslide deposits (Holocene and Pleistocene) 
Qps  Ponded sediments (Holocene and Pleistocene) 
Qs  Sediment (Holocene and Pleistocene) 
Qt  Travertine deposits (Holocene and Pleistocene) 
Qtr  Talus and rock fall deposits (Holocene and Pleistocene) 
Qv  Valley-fill deposits (Holocene and Pleistocene) 
Taby?  Alkali basalt - probably 
Tb  Basalt flow (Pliocene) 
Tbo  Basalt 
Tg Undifferentiated gravel deposits of the Hualapai Plateau (Pliocene to Lower 
Palaeocene) 
TKs1 Old gravel and sedimentary deposits (lower Miocene, Oligocene, Eocene, 
Palaeocene, and Upper Cretaceous) 
TRcs  Shinarump Member and sandstone and siltstone member, undivided (Upper Triassic) 
TRmhm Holbrook and Moqui Members, undivided (Middle and Lower Triassic) 
TRml  Lower red Member (Moenkopi Formation) (Lower Triassic) 
TRmm  Middle red Member (Moenkopi Formation) (Lower Triassic) 
TRms  Shnabkaib Member (Moenkopi Formation) (Lower Triassic) 
TRmss Shnabkaib Member and lower massive sandstone member, undivided (Lower 
Triassic) 
TRmt  Timoweap Member (Moenkopi Formation) (Lower Triassic) 
TRmw  Wupatki Member (Lower Triassic) 
Tsgi  Intrusive dikes 
Tsy  Sedimentary rocks 
Xbr  Brahma Schist 
Xg  Young granite and pegmatite 
Yh  Hakatai Shale 
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AII. STRUCTURAL DATA 
AII.1 Structural Feature Orientation 
AII.1.1 Navajo Pipe 
 
AII.1.1.1 Joint-Sets Kaibab Formation (Northern Wall) 
 
Joint-Set 1 (48 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
83 269 84 94 82 99 88 291 87 112 
79 104 84 278 86 276 80 90 85 271 
86 109 88 282 83 271 86 283 87 276 
87 274 86 98 88 295 80 107 87 95 
83 97 88 276 83 269 84 94 82 99 
89 122 85 292 79 104 84 278 86 276 
88 291 87 112 86 109 88 282 83 271 
80 90 85 271 87 274 86 98 88 295 
86 283 87 276 83 97 88 276   
80 107 87 95 89 122 85 292   
 
Joint-Set 2 (38 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
82 240 64 264 79 259 80 242 76 256 
88 67 62 256 83 250 80 249 88 79 
76 245 80 242 76 256 89 259 85 239 
65 260 80 249 88 79 89 61 87 249 
77 256 89 259 85 239 89 84 85 246 
70 254 89 61 87 249 88 249   
63 264 89 84 85 246 79 259   
68 256 88 249 64 264 83 250   
 
Joint-Set 3 (31 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
71 228 89 226 87 219 88 41 83 221 
80 221 78 38 71 228 89 226 87 219 
88 38 77 219 80 221 78 38 70 221 
86 231 83 220 88 38 77 219   
88 33 78 48 86 231 83 220   
81 229 84 227 88 33 78 48   
88 41 83 221 81 229 84 227   
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Joint-Set 4 (36 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
85 160 82 331 86 325 85 344 81 345 
87 155 81 341 86 166 81 153 82 342 
81 159 88 161 85 160 82 331 86 325 
86 340 88 154 87 155 81 341 86 166 
84 343 76 353 81 159 88 161   
86 353 78 348 86 340 88 154   
85 344 81 345 84 343 76 353   
81 153 82 342 86 353 78 348   
 
Joint-Set 5 (54 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
63 204 77 203 69 210 86 16 88 177 
83 209 89 201 77 202 80 188 89 357 
88 23 89 201 83 186 88 18 89 185 
81 182 85 197 86 13 82 12 85 2 
85 12 87 10 84 4 87 183 78 205 
84 193 75 6 63 204 77 203 69 210 
86 16 88 177 83 209 89 201 77 202 
80 188 89 357 88 23 89 201 83 186 
88 18 89 185 81 182 85 197 86 13 
82 12 85 2 85 12 87 10 84 4 
87 183 78 205 84 193 75 6   
 
 
 
AII.1.1.2 Joint-Sets Toroweap Formation (Northern Wall) 
 
Joint-Set 1 (12 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
89 100 85 289 86 99 86 103   
89 285 86 292 88 292 85 289   
89 304 86 108 89 297 89 97   
 
Joint-Set 2 (23 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
89 247 80 75 77 76 83 62 87 268 
86 252 73 62 80 245 83 87 89 83 
86 251 88 84 86 263 83 259 83 259 
86 258 86 260 88 87 88 256   
82 252 87 76 89 260 89 272   
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Joint-Set 3 (17 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
80 226 87 225 81 233 87 231 89 35 
84 229 80 235 84 46 88 48   
81 233 80 234 87 49 84 227   
85 223 85 218 74 231 88 45   
 
Joint-Set 4 (20 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
89 154 88 158 89 338 78 330 84 316 
87 159 80 334 87 159 85 325 86 151 
89 324 88 168 87 341 88 153 88 158 
85 163 81 345 79 343 83 150 84 149 
 
Joint-Set 5 (28 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
82 206 89 195 83 209 87 23 88 177 
88 0 87 194 88 193 88 0 88 190 
82 357 84 191 81 359 84 186 84 197 
89 196 85 191 85 205 86 359 85 21 
85 9 79 29 85 197 88 200   
88 171 89 8 85 357 84 33   
 
 
 
AII.1.1.3 Joint-Sets Kaibab Formation (Southern Wall) 
 
Joint-Set 1 (13 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
83 114 81 123 88 298 85 110 85 121 
85 112 89 123 85 117 76 315   
87 115 73 120 86 116 82 307   
 
Joint-Set 2 (19 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
86 101 87 96 77 98 87 94 89 89 
89 95 71 103 69 102 89 97 86 269 
88 102 85 276 85 103 88 92 85 106 
84 87 89 268 89 88 89 102   
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Joint-Set 3 (12 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
83 249 88 246 88 255 86 72   
88 260 85 257 87 77 86 60   
88 77 84 254 84 248 89 245   
 
Joint-Set 4 (6 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
85 147 85 167 81 328     
86 147 88 326 88 340     
 
Joint-Set 5 (13 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
74 28 76 5 82 37 88 184 71 181 
85 5 83 22 86 27 79 175   
71 185 88 182 89 16 74 174   
 
 
 
AII.1.1.4 Joint-Sets Toroweap Formation (Southern Wall) 
 
Joint-Set 1 (64 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
79 294 88 103 83 126 89 293 88 317 
87 287 76 299 62 312 80 295 88 314 
78 297 86 307 82 114 81 319 79 136 
77 284 76 309 89 303 85 312 84 311 
75 290 82 301 88 311 81 286 89 139 
75 299 87 296 77 304 77 307 88 300 
82 298 85 300 76 319 87 112 85 310 
87 123 81 315 84 303 85 299 85 113 
80 314 78 296 89 319 83 305 83 299 
82 318 85 316 87 315 84 118 83 318 
87 286 89 318 89 316 81 130 89 316 
82 291 84 295 83 301 82 303 88 283 
75 319 88 112 85 303 79 312   
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Joint-Set 2 (30 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
71 81 89 83 88 78 87 76 86 81 
85 276 80 270 85 278 86 90 88 275 
85 276 88 267 85 85 87 94 89 89 
86 272 88 275 88 91 88 272 83 79 
77 279 88 272 86 278 87 89 87 89 
80 86 74 266 80 86 76 91 84 268 
 
Joint-Set 3 (26 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
85 55 89 69 87 245 87 249 89 241 
85 246 84 234 88 68 88 236 89 241 
81 56 83 64 85 72 87 245   
80 53 83 56 89 61 87 65   
88 250 88 248 89 235 88 72   
87 244 80 58 83 247 86 242   
 
Joint-Set 4 (62 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
68 0 77 353 84 173 87 329 88 164 
74 5 71 357 82 146 86 342 88 342 
58 344 73 338 82 172 82 322 88 158 
69 351 74 329 86 164 88 333 88 154 
86 181 79 345 79 149 86 143 89 144 
87 339 71 2 82 184 83 158 89 151 
85 345 73 3 82 171 89 331 81 162 
78 333 88 359 85 174 83 332 89 332 
89 358 81 170 81 331 88 333 83 156 
88 354 84 164 89 148 86 153 76 326 
85 348 84 356 85 335 87 338 88 164 
81 356 79 177 88 327 86 167   
76 355 78 162 87 347 89 337   
 
Joint-Set 5 (45 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
88 13 87 36 79 22 72 34 81 31 
85 195 86 216 86 34 85 36 84 228 
85 222 89 22 88 192 76 31 89 213 
88 16 78 10 82 39 85 19 79 222 
79 14 82 16 78 15 80 47 85 42 
69 7 80 8 70 32 81 40 87 223 
81 20 77 11 84 217 86 45 83 230 
88 213 88 18 84 39 86 44 89 46 
88 187 85 26 81 29 89 45 87 44 
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AII.1.1.5 Master-Joints 
 
Northern Wall (14 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
86 257 85 276 77 102 88 274 89 83 
84 148 88 103 87 273 88 267 83 150 
87 125 89 277 82 269 86 96   
 
Southern Wall (30 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
87 108 82 70 84 253 82 317 86 70 
78 1 86 133 85 265 81 73 82 99 
85 275 76 314 78 64 87 82 89 103 
85 86 83 42 83 285 85 259 89 90 
87 270 83 115 84 84 88 241 86 93 
83 335 89 101 87 334 76 83 84 261 
 
 
 
AII.1.1.6 Regional Faults  
 
Normal Faults (90 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
89 297 89 261 89 254 89 66 89 79 
88 296 89 77 89 253 89 81 89 266 
89 267 89 250 89 248 88 248 89 257 
89 257 89 97 88 66 88 255 89 88 
88 287 89 81 89 264 89 75 89 262 
89 101 89 258 89 79 89 77 89 251 
89 281 88 278 89 269 89 258 89 89 
89 284 89 257 89 89 89 73 89 122 
89 274 88 78 89 75 89 271 89 262 
89 75 89 262 89 72 89 266 89 262 
89 77 89 86 89 72 89 83 89 95 
89 75 89 271 89 69 89 81 89 86 
89 254 89 83 89 70 89 262 89 101 
89 262 89 253 89 75 89 270 87 284 
89 258 89 82 88 245 89 275 89 104 
89 77 89 86 89 254 89 266 89 289 
89 267 89 68 88 86 89 265 89 278 
89 77 89 254 88 257 89 81 87 95 
 
 
200 
 
AII.1.2 Devils Kitchen 
 
AII.1.2.1 Joint-Sets 
 
Joint-Set 1 (86 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
86 41 75 40 86 41 89 225 76 237 
69 42 89 40 87 39 82 31 86 43 
88 221 88 40 87 41 84 48 84 231 
80 35 87 220 89 43 83 237 87 222 
85 41 86 220 88 42 85 41 89 41 
85 43 71 39 88 35 85 40 89 222 
84 32 71 39 85 43 85 42 88 217 
88 221 86 42 80 38 83 42 80 220 
86 221 81 214 84 42 86 43 85 41 
87 39 88 39 85 42 87 226 87 222 
89 221 86 226 87 38 86 224 89 219 
84 38 83 226 81 42 85 40 89 220 
88 39 79 42 84 37 85 44 86 43 
87 38 86 39 88 230 84 214 70 38 
88 32 88 39 87 225 82 33   
86 39 85 41 85 43 83 40   
84 38 86 40 87 221 82 40   
86 38 81 45 88 227 81 43   
 
Joint-Set 2 (89 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
88 105 88 111 84 272 80 128 80 289 
85 285 81 282 86 273 79 121 77 292 
88 285 81 298 89 272 87 106 86 104 
86 284 80 298 89 272 80 106 87 291 
89 106 78 104 84 273 76 106 84 289 
88 105 87 104 79 102 77 105 82 284 
89 105 84 108 87 92 78 106 88 119 
85 283 81 107 75 105 79 106 87 284 
86 107 88 108 65 107 80 108 85 284 
88 285 88 283 89 288 76 108 87 283 
88 106 77 114 83 106 80 104 66 103 
85 273 78 106 86 281 81 104 68 82 
76 105 83 109 84 107 86 111 79 284 
80 106 86 285 56 102 72 102 89 261 
66 105 86 271 84 107 88 282 82 93 
89 287 88 283 83 100 83 281 80 269 
89 291 87 284 88 282 80 283 87 268 
89 287 85 271 85 110 74 291   
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Joint-Set 3 (24 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
71 342 55 337 60 326 59 339 55 330 
67 339 55 337 61 330 56 341 61 333 
63 336 52 330 58 330 55 343 58 343 
58 334 61 329 58 336 52 329 58 324 
55 331 63 329 59 335 55 331   
 
 
 
AII.1.2.2 Arching Failure 
AII.1.2.2.1 Southern Wall 
Joint-Set 1 (11 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
59 139 53 184 33 156 58 177   
35 172 62 193 43 196 46 192   
38 178 43 192 24 143     
 
Joint-Set 2 (7 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
49 270 50 287 43 321 36 310   
24 276 46 318 36 310     
 
 
 
AII.1.2.2.2 Eastern Wall 
 
Joint-Set 1 (9 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
54 63 35 86 51 65 37 127 31 160 
34 101 31 95 45 129 25 163   
 
Joint-Set 2 (3 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
52 317 43 345 52 318     
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AII.1.2.3 Master-Joints 
 
Western/Eastern Wall (5 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
86 221 86 221 83 41 89 220 78 38 
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AII.1.3 Kaibab Sink 
 
AII.1.3.1 Joint-Sets 
 
Joint-Set 1 (35 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
86 86 82 84 85 278 83 274 86 102 
70 97 89 91 84 269 88 282 82 111 
89 82 88 270 87 278 87 279 88 108 
85 81 77 84 80 291 88 281 84 112 
80 91 88 98 89 283 87 286 86 97 
82 89 89 275 88 284 81 108 89 97 
89 86 89 276 88 272 83 116 89 106 
 
Joint-Set 2 (33 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
87 61 82 243 82 62 81 63 86 69 
80 228 89 70 83 62 84 66 87 68 
81 243 89 251 87 71 83 73 87 60 
89 241 81 50 83 60 76 71 78 66 
79 64 84 71 88 238 83 71 82 71 
80 55 72 246 89 260 87 61   
79 248 73 243 87 247 88 72   
 
Joint-Set 3 (48 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
88 6 82 5 88 0 87 208 87 201 
87 221 88 216 88 9 84 197 86 187 
85 27 88 24 88 21 82 203 86 186 
89 0 85 18 85 194 86 208 89 191 
83 29 85 23 81 185 86 205 86 197 
72 213 85 18 89 197 85 183 85 196 
86 215 88 34 81 183 79 199 87 197 
87 21 79 38 82 183 86 204 87 190 
87 21 80 0 87 192 89 200   
89 5 86 6 86 186 84 205   
 
Joint-Set 4 (17 measurements) 
Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. Dip Dip Dir. 
72 153 82 342 86 350 87 167 86 170 
89 355 88 338 86 347 72 174   
88 350 81 342 88 166 81 164   
88 332 89 336 81 172 87 170   
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AII.1.3.2 Faults 
Set Dip Dip Dir. 
Fault (Sinkhole) 85 65 
Fault (Sinkhole) 75 247 
Fault (Sinkhole) 78 253 
Fault (Sinkhole) 77 253 
Regional Fault 86 253 
 
 
 
AII.1.3.3 Sinkhole Sidewalls 
Set Dip Dip Dir. 
Eastern Wall 78 76 
Northern Wall 87 348 
Western Wall 88 66 
Southern Wall 79 345 
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AII.2 Bedding Thickness vs Fracture Density 
AII.2.1 Navajo Pipe 
 
AII.2.1.1 Northern Canyon Wall 
 
Kaibab Formation (50 m) 
BT (m) FC FD (m) FS (m) 
0.3 150 3 0.333333 
0.36 244 4.88 0.204918 
0.59 105 2.1 0.47619 
0.73 52 1.04 0.961538 
1.05 75 1.5 0.666667 
1.27 48 0.96 1.041667 
1.58 28 0.56 1.785714 
1.6 31 0.62 1.612903 
1.6 30 0.6 1.666667 
1.66 20 0.4 2.5 
1.72 23 0.46 2.173913 
2.04 17 0.34 2.941176 
2.05 15 0.3 3.333333 
2.08 22 0.44 2.272727 
2.48 19 0.38 2.631579 
4.15 6 0.12 8.333333 
 
Toroweap Formation (50 m) 
BT (m) FC FD (m) FS (m) 
1.05 46 0.92 1.086957 
1.11 46 0.92 1.086957 
1.15 39 0.78 1.282051 
1.22 36 0.72 1.388889 
2.18 22 0.44 2.272727 
2.71 25 0.5 2 
3.01 21 0.42 2.380952 
3.42 22 0.44 2.272727 
3.75 20 0.4 2.5 
3.82 25 0.5 2 
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AII.2.1.2 Southern Canyon Wall 
 
Kaibab Formation (50 m) 
BT (m) FC FD (m) FS (m) 
0.55 122 2.44 0.409836 
0.74 90 1.8 0.555556 
1.17 55 1.1 0.909091 
1.17 67 1.34 0.746269 
1.18 73 1.46 0.684932 
1.21 55 1.1 0.909091 
1.22 70 1.4 0.714286 
1.23 76 1.52 0.657895 
1.37 48 0.96 1.041667 
1.52 55 1.1 0.909091 
1.67 62 1.24 0.806452 
1.7 43 0.86 1.162791 
1.83 40 0.8 1.25 
1.88 25 0.5 2 
1.97 32 0.64 1.5625 
2.19 25 0.5 2 
 
Toroweap Formation (50 m) 
BT (m) FC FD (m) FS (m) 
1.13 30 0.6 1.666667 
1.29 45 0.9 1.111111 
1.33 42 0.84 1.190476 
1.81 20 0.4 2.5 
1.89 20 0.4 2.5 
1.93 30 0.6 1.666667 
2.31 21 0.42 2.380952 
2.34 21 0.42 2.380952 
2.68 14 0.28 3.571429 
2.79 18 0.36 2.777778 
2.89 25 0.5 2 
3.33 12 0.24 4.166667 
3.42 14 0.28 3.571429 
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AII.2.2 Devils Kitchen 
 
Eastern Wall (38 m) 
BT (m) FC FD (m) FS (m) 
0.98 35 0.921053 1.085714 
1.05 26 0.684211 1.461538 
1.18 19 0.5 2 
1.39 17 0.447368 2.235294 
1.44 19 0.5 2 
1.56 15 0.394737 2.533333 
1.6 21 0.552632 1.809524 
1.63 20 0.526316 1.9 
2.05 12 0.315789 3.166667 
2.12 12 0.315789 3.166667 
2.24 14 0.368421 2.714286 
 
Western Wall (32 m) 
BT (m) FC FD (m) FS (m) 
1.38 24 0.75 1.333333 
1.42 26 0.8125 1.230769 
1.43 23 0.71875 1.391304 
1.62 18 0.5625 1.777778 
1.70 18 0.5625 1.777778 
2.05 15 0.46875 2.133333 
 
Northern Wall (13 m) 
BT (m) FC FD (m) FS (m) 
0.43 17 1.307692 0.764706 
1.42 7 0.538462 1.857143 
1.44 9 0.692308 1.444444 
1.60 6 0.461538 2.166667 
1.67 9 0.692308 1.444444 
1.90 7 0.538462 1.857143 
2.67 5 0.384615 2.6 
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AII.2.3 Eagle Sink 
 
Eastern Wall (50 m) 
BT (m) FC FD (m) FS (m) 
0.55 56 1.12 0.892857 
0.7 32 0.64 1.5625 
0.75 40 0.8 1.25 
0.75 35 0.7 1.428571 
1.04 35 0.7 1.428571 
1.15 30 0.6 1.666667 
1.42 33 0.66 1.515152 
1.43 17 0.34 2.941176 
1.47 15 0.3 3.333333 
1.6 24 0.48 2.083333 
1.66 26 0.52 1.923077 
3.11 10 0.2 5 
3.14 10 0.2 5 
3.26 15 0.3 3.333333 
3.5 16 0.32 3.125 
3.68 17 0.34 2.941176 
4.0 14 0.28 3.571429 
8.34 8 0.16 6.25 
 
 
Western Wall (33 m) 
BT (m) FC FD (m) FS (m) 
0.55 52 1.575758 0.634615 
0.92 60 1.818182 0.55 
0.98 66 2 0.5 
1.29 38 1.151515 0.868421 
1.32 19 0.575758 1.736842 
1.33 24 0.727273 1.375 
1.39 17 0.515152 1.941176 
1.68 27 0.818182 1.222222 
1.8 17 0.515152 1.941176 
2.32 23 0.69697 1.434783 
2.61 19 0.575758 1.736842 
4.49 12 0.363636 2.75 
5.11 15 0.454545 2.2 
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Northern Wall (37 m) 
BT (m) FC FD (m) FS (m) 
0.44 45 1.216216 0.822222 
0.52 51 1.378378 0.72549 
0.7 22 0.594595 1.681818 
0.87 23 0.621622 1.608696 
0.9 46 1.243243 0.804348 
0.91 24 0.648649 1.541667 
1.1 27 0.72973 1.37037 
1.44 32 0.864865 1.15625 
1.56 24 0.648649 1.541667 
1.93 21 0.567568 1.761905 
2.5 17 0.459459 2.176471 
4.29 12 0.324324 3.083333 
6.08 12 0.324324 3.083333 
 
 
 
 
210 
 
AII.3 Block/Clast Sizes 
AII.3.1 Navajo Pipe 
 
AII.3.1.1 Measured Block/Clast Size 
 
Kaibab Formation 
Number Area (m2) Number Area (m2) Number Area (m2) Number Area (m2) 
1 0.208 17 1.000 33 1.976 49 4.163 
2 0.308 18 1.045 34 2.087 50 4.170 
3 0.382 19 1.064 35 2.238 51 4.243 
4 0.434 20 1.125 36 2.352 52 4.442 
5 0.460 21 1.127 37 2.470 53 4.565 
6 0.571 22 1.140 38 2.559 54 4.903 
7 0.688 23 1.301 39 2.594 55 6.358 
8 0.689 24 1.321 40 2.701 56 6.603 
9 0.693 25 1.401 41 2.720 57 6.719 
10 0.698 26 1.425 42 3.046 58 7.548 
11 0.718 27 1.552 43 3.248 59 7.904 
12 0.763 28 1.652 44 3.281 60 8.297 
13 0.773 29 1.730 45 3.386 61 9.272 
14 0.904 30 1.747 46 3.417 62 9.786 
15 0.972 31 1.848 47 3.484 63  
16 0.996 32 1.916 48 3.544 64  
 
Toroweap Formation 
Number Area (m2) Number Area (m2) Number Area (m2) Number Area (m2) 
1 0.362 18 1.589 35 2.466 52 4.516 
2 0.535 19 1.829 36 2.556 53 4.89 
3 0.575 20 1.883 37 2.565 54 4.981 
4 0.622 21 1.943 38 2.6 55 5.342 
5 0.631 22 1.957 39 2.6 56 5.521 
6 0.798 23 2.002 40 2.678 57 5.585 
7 0.824 24 2.049 41 2.715 58 5.672 
8 0.829 25 2.058 42 2.756 59 5.913 
9 0.839 26 2.096 43 3.01 60 7.546 
10 0.867 27 2.101 44 3.136 61 8.307 
11 0.898 28 2.102 45 3.29 62 8.342 
12 0.951 29 2.173 46 3.414 63 8.629 
13 1.124 30 2.252 47 3.948 64 10.127 
14 1.183 31 2.27 48 4.117 65 11.144 
15 1.265 32 2.282 49 4.224 66 13.773 
16 1.331 33 2.355 50 4.265 67 13.996 
17 1.447 34 2.438 51 4.441 68  
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AII.3.1.2 Calculated Block/Clast Size 
AII.3.1.2.1 Northern Canyon Wall 
 
Kaibab Formation 
Number Area (m2) Number Area (m2) Number Area (m2) Number Area (m2) 
1 4.727273 5 6 9 4.15 13 6.833333 
2 2.821429 6 2.580645 10 0.280952 14 0.7 
3 0.1 7 2.666667 11 0.701923 15  
4 6.526316 8 3.73913 12 1.322917 16  
 
Toroweap Formation 
Number Area (m2) Number Area (m2) Number Area (m2) Number Area (m2) 
1 7.64 3 1.694444 5 5.42 7 7.166667 
2 1.474359 4 7.772727 6 1.206522 8 4.954545 
 
 
 
AII.3.1.2.2 Southern Canyon Wall 
 
Kaibab Formation 
Number Area (m2) Number Area (m2) Number Area (m2) Number Area (m2) 
1 0.808219 5 1.976744 9 0.871429 13 1.427083 
2 0.809211 6 3.078125 10 2.2875 14 0.873134 
3 1.381818 7 1.1 11 0.411111 15 4.38 
4 1.346774 8 0.22541 12 1.063636 16 3.76 
 
Toroweap Formation 
Number Area (m2) Number Area (m2) Number Area (m2) Number Area (m2) 
1 4.725 5 5.78 9 5.5 13 7.75 
2 3.216667 6 1.883333 10 5.571429 14  
3 1.433333 7 4.525 11 9.571429 15  
4 1.583333 8 12.21429 12 13.875 16  
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AII.3.2 Devils Kitchen 
AII.3.2.1 Measured Block/Clast Size 
 
Number Vol (m3) Number Vol (m3) Number Vol (m3) Number Vol (m3) 
1 0.177 15 1.417 29 3.312 43 6.836 
2 0.304 16 1.440 30 3.530 44 7.183 
3 0.321 17 1.468 31 4.034 45 7.903 
4 0.464 18 1.814 32 4.455 46 8.576 
5 0.562 19 1.968 33 4.792 47 11.568 
6 0.637 20 2.113 34 4.883 48 12.065 
7 0.717 21 2.229 35 5.482 49 12.751 
8 0.768 22 2.423 36 5.627 50 13.309 
9 0.907 23 2.569 37 5.641 51 13.344 
10 0.940 24 2.600 38 5.792 52 16.606 
11 1.042 25 2.699 39 5.826 53 20.638 
12 1.137 26 2.713 40 6.090 54 32.176 
13 1.138 27 2.715 41 6.386 55  
14 1.153 28 3.176 42 6.456 56  
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AII.3.3 Eagle Sink 
AII.3.3.1 Measured Block/Clast Size 
 
Number Vol (m3) Number Vol (m3) Number Vol (m3) Number Vol (m3) 
1 0.037 40 0.433 79 1.283 118 3.829 
2 0.043 41 0.447 80 1.289 119 3.922 
3 0.071 42 0.48 81 1.367 120 4.098 
4 0.088 43 0.481 82 1.38 121 4.437 
5 0.11 44 0.497 83 1.398 122 4.491 
6 0.126 45 0.549 84 1.526 123 4.493 
7 0.131 46 0.556 85 1.529 124 4.874 
8 0.141 47 0.579 86 1.612 125 4.926 
9 0.148 48 0.584 87 1.695 126 5.11 
10 0.155 49 0.604 88 1.765 127 5.285 
11 0.17 50 0.625 89 1.939 128 5.508 
12 0.193 51 0.628 90 1.961 129 5.556 
13 0.214 52 0.634 91 1.971 130 5.569 
14 0.243 53 0.652 92 1.99 131 5.803 
15 0.244 54 0.663 93 2.011 132 7.362 
16 0.249 55 0.668 94 2.026 133 7.888 
17 0.265 56 0.683 95 2.082 134 7.924 
18 0.283 57 0.709 96 2.089 135 7.979 
19 0.283 58 0.72 97 2.188 136 8.169 
20 0.289 59 0.727 98 2.285 137 8.542 
21 0.289 60 0.737 99 2.317 138 8.649 
22 0.308 61 0.744 100 2.318 139 9.581 
23 0.313 62 0.762 101 2.33 140 9.688 
24 0.313 63 0.767 102 2.343 141 10.513 
25 0.316 64 0.782 103 2.506 142 10.546 
26 0.317 65 0.79 104 2.514 143 10.569 
27 0.318 66 0.807 105 2.691 144 11.861 
28 0.319 67 0.826 106 2.764 145 11.945 
29 0.34 68 0.856 107 2.802 146 12.142 
30 0.342 69 0.868 108 2.806 147 13.343 
31 0.359 70 0.914 109 2.857 148 15.832 
32 0.359 71 0.916 110 3.314 149 16.015 
33 0.362 72 0.982 111 3.318 150 17.068 
34 0.363 73 1.082 112 3.403 151 21.046 
35 0.366 74 1.112 113 3.44 152 25.788 
36 0.386 75 1.186 114 3.447 153 27.111 
37 0.387 76 1.22 115 3.5 154 29.663 
38 0.413 77 1.242 116 3.511 155 40.745 
39 0.423 78 1.278 117 3.591 156 59.458 
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AII.3.3.2 Calculated Block/Clast Size 
 
Number Vol (m3) 
1 0.356 
2 0.880 
3 1.468 
4 1.577 
5 4.863 
6 4.921 
7 7.883 
8 11.746 
9 19.271 
10 23.557 
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AIII. DRILL CORE DATA 
AIII.1 Pinenut Mine 
AIII.1.1 Borehole 487 
The borehole 487 was drilled from the drill station 4300 with and orientation of 320° with an 
inclination of -64.5°. The drill hole penetrates undisturbed red siltstone before encountering 
an alteration zone and entering the pipe at 67.97 m. After entering the pipe, the formation can 
be divided into several zones alternating between brecciation and homogeneous zones of 
mainly undisturbed strata. 
 
Overview and description of the different zones from the logging of borehole 487 
Zone  from (m)  to (m)  Description  
1 0  64  Unaltered red siltstone  
2 64  65.14  Alteration zone starts  
3 65.14  65.17  Pipe Boundary  
4 65.17  67.97  Alteration zone continues  
5 67.97  73.76  Brecciation starts  
6 73.76  79.25  Brecciation increases  
7 79.25  83.21  Homogeneous red siltstone with various alteration  
8 83.21  91.14  Brecciation zone  
9 91.14  100.89  Homogeneous red siltstone with bioturbation and alteration 
  10 100.89  102.41  Brecciation zone  
11 102.41  113.96  Homogeneous red siltstone  
12 113.96  115.21  Brecciation Zone  
13 115.21  129.85  Homogeneous red siltstone  
 
 
Description 
The drill hole initially penetrates the WR composed of red siltstone with white mica (red 
Hermit) for 64 m, before the red siltstone starts to show some alteration patches (white 
Hermit) (Sample 1), followed by first brecciation at 64.13 m down the hole (Sample 2). 
Sample 2 shows mosaic brecciation with angular to sub-angular siltstone cobbles in a coarse 
matrix. At 65.14 m, the drill hole intersects the pipe boundary, which is characterised by a 3.5 
cm wide brecciation zone with angular to sub-angular siltstone granules to pebbles in a coarse 
matrix (Sample 3). The drill hole then continues to penetrate undisturbed altered hermit until 
encountering another brecciation zone at 67.97 m (Sample 4). This breccia is composed of 
angular to sub-angular siltstone pebbles in a sandy matrix. Locally this sample shows 
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stratification and little ductile deformation within the material. Further down the hole, at 
73.76 m, the brecciation increases. The sub-angular siltstone pebbles within a sandy matrix 
become bigger and are characterised by fine hairline fractures (Samples 7-13). At 79.25 m, 
the brecciation stops and the drill hole penetrates altered homogeneous white siltstone for 
about 91 cm (Sample 14). At 80.16 m, the drill hole penetrates unaltered homogeneous red 
siltstone. At 81.08 m, the drill hole shows some alteration patches in homogeneous white 
siltstone for a total length of 2.13 m. At 83.21 m, the drill hole encounters another brecciation 
zone. The samples show angular to sub-angular red hermit siltstone pebbles in a white to red 
silt/sandy matrix (Samples 15-17). Sample 17 also shows some ripples and cross lamination. 
This zone continues until 91.14 m. The next zone is characterised by red unaltered hermit 
siltstone with local bioturbation and alteration patches until 100.89 m (Sample 18). Then the 
drill hole encounters another brecciation zone composed of red unaltered hermit siltstone 
pebbles in reddish siltstone matrix. At 102.41 m, the drill hole penetrates homogeneous 
unaltered red hermit until 114 m. Then another brecciation zone with red siltstone pebbles in 
silt/sandy matrix appears for about 1.22 m. At 115.21 m, the drill hole penetrates 
homogeneous unaltered red hermit siltstone until 128.93 m (Sample 19). Following the 
brecciation increases with larger siltstone clasts in a sandy matrix (Sample 20 and 21). 
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No. Photo Depth 
(from) 
Depth 
(to) 
Lithology Description 
1 
 
64.01 64.12 Siltstone Very fine-grained, very well 
sorted, subtle lamination, 
alteration 
2 
 
64.12 64.72 Siltstone Stratification, small angular to 
sub-angular cobbles, moderately 
sorted, alteration 
3 
 
64.92 65.32 Siltstone Lamination, coarser material, 
brecciation, sub-angular granules 
to pebbles, elongated (<1cm), 
poorly sorted, alteration 
 
4 
 
67.97 68.16 Siltstone Stratification, coarse material 
intersects stratification and 
causes ductile deformation, 
sometimes sharp boundaries, the 
infill material shows soft 
deformed angular to sub-angular 
siltstones pebbles, poorly sorted, 
alteration 
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5 
 
70.07 70.22 Siltstone/ 
Medium 
Sand 
Lamination, Rounded siltstone 
clasts up to 1 cm (Siltstone), 
mosaic brecciation, angular to 
sub-angular pebbles, poorly 
sorted, alteration 
 
6 
 
71.62 71.96 Silt-/ 
Sandstone 
Lamination, soft deformation, 
sub-rounded, elongated granules, 
alteration 
 
7 
 
74.06 74.39 Siltstone Fractured clasts, filled by coarser 
material (possible sand), hairline 
fractures, sub-rounded pebbles, 
moderately sorted, alteration 
 
8 
 
75.32 75.59 Silt-/ 
Sandstone 
Lamination, siltstone layering, 
sandstone is fractured, sub-
angular pebbles, poorly sorted, 
alteration 
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9 
 
75.90 76.05 Siltstone Intense brecciation, clast 
supported angular to sub-angular 
siltstone pebbles in sandy matrix, 
some clasts are fractured (mosaic 
brecciation), moderately sorted, 
alteration 
10 
 
76.20 76.52 Siltstone Angular to sub-angular siltstone 
pebbles, some clasts are 
fractured (mosaic brecciation), 
moderately sorted, alteration 
 
11 
 
77.11 77.25 Siltstone Sub-angular siltstone pebbles, 
infill material is coarser than the 
clasts (sandy infill), poorly 
sorted, alteration 
220 
 
12 
 
78.19 78.35 Siltstone Lamination of siltstone and very 
fine sandstone, abundancy of 
white mica, granular sub-
rounded clasts, poorly sorted, 
alteration 
 
13 
 
78.71 79.24 Siltstone Angular to sub-angular siltstone 
pebbles to cobbles in a sandy 
matrix. Some clasts are fractured 
(mosaic brecciation), moderately 
sorted, alteration 
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14 
 
79.32 79.44 Siltstone Homogeneous siltstone, very 
fine, very well sorted, alteration 
15 
 
86.26 86.58 Siltstone Lamination of 
siltstone/sandstone/siltstone 
interbedded by a breccia zone of 
sub-angular pebbles, poorly 
sorted 
16 
 
87.78 88.09 Siltstone Angular to sub-angular siltstone 
pebbles in a sandy matrix, poorly 
sorted 
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17 
 
89.31 89.58 Siltstone Subtle lamination of 
sandstone/siltstone/sandstone. 
Larger sub-angular siltstone 
granules towards the bottom of 
the sample, poorly sorted 
18 
 
91.82 92.14 Siltstone Sandy layer at the top of the 
sample, sub-angular siltstone 
granules to pebbles with mild 
soft deformation around the 
edges. Poorly sorted 
19 
 
128.93 129.22 Siltstone Lamination, sub-rounded 
siltstone granules, poorly sorted 
20 
 
151.79 152.05 Silt-/ 
Sandstone 
Lamination, large, angular 
siltstone cobbles in a sandy 
matrix, moderately sorted 
21 
 
153.31 153.61 Silt-/ 
Sandstone 
Angular siltstone cobbles, 
mosaic brecciation in a sandy 
matrix, moderately sorted, 
alteration 
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AIII.1.2 Borehole 488  
The borehole 488 was drilled from the drill station 4300 with and orientation of 350° with an 
inclination of -45°. The drill hole penetrates undisturbed red siltstone before encountering an 
alteration zone and entering the pipe at 67.97 m. After entering the pipe, the formation can be 
divided into several zones alternating between brecciation and homogeneous zones of mainly 
undisturbed strata.  
 
Overview and description of the different zones from the logging of the borehole 
 
Zone  from (m)  to (m)  Description  
1 0  69.19  Unaltered red siltstone  
2 69.19  69.44  Alteration zone starts  
3 69.44  69.49  Pipe boundary  
4 69.49  75.29  Alteration zone continues  
5 75.29  75.34  Brecciation zone  
6 75.34  78.34  Homogeneous zone  
7 78.34  79.25  Brecciation zone  
8 79.25  81.38  Homogeneous zone  
9 81.38  82.30  Brecciation zone  
 
 
 
Description 
The borehole initially penetrates the actual formation (Hermit Formation) composed of 
siltstone and fine sandstone with very subtle lamination and alteration patches (Sample 1 and 
2). Locally some possible depositional structure (Sample 3) and trough cross stratification of 
sand (Sample 4) and possible bioturbation (Sample 5) can be seen. At 69.19 m, the alteration 
of the red siltstone increases and the drill hole intersects the pipe boundary at 69.49 m 
(Sample 6). This breccia zone is composed of sub-angular siltstone pebbles filled by a sandy 
matrix. This zone is followed by a homogeneous siltstone with alternating alteration and two 
local fractures filled with sand (71.63 m and 71.93 m). At 75.29 m, the pipe penetrates a 
small brecciation zone for 5 cm with sub-angular siltstone pebbles in a sandy matrix, showing 
some soft deformation (Sample 7). After that zone, the drill hole penetrates homogeneous red 
hermit with alteration patches. At 78.34 m the drill hole encounters a brecciation zone with 
sub-angular siltstone pebbles in a sandy matrix showing some soft deformation and clasts 
aligning with the stratification until 79.25 m (Sample 8 and 9). This is followed by 
homogeneous red siltstone with alteration patches until 81.38 m. Then the drill hole 
penetrates a brecciation zone with angular to sub-angular siltstone cobbles in a sandy matrix 
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ranging from matrix supported to clast supported mosaic brecciation downhole (Samples 10-
12), with a decrease in clast size (granules to pebbles) within a sandy matrix towards the very 
end of the drill hole (last 10 cm) (Sample 13). 
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No. Photo Depth 
(from) 
Depth 
(to) 
Lithology Description 
1 
 
21.03 21.16 Siltstone Very fine, homogeneous 
siltstone, no stratification, very 
subtle lamination, very well 
sorted, inclusion with alteration 
halo (reduction spot) 
2 
 
36.40 36.50 Siltstone Very fine, homogeneous 
siltstone, no stratification, very 
well sorted 
3 
 
45.45 45.71 Siltstone/ 
Sandstone 
Slumped, darker (siltstone) and 
lighter (very fine sand) material, 
some deformation and mixing of 
these two lithologies, elongated, 
sub-rounded siltstone pebbles in 
sandy matrix, moderately sorted 
4 
 
45.71 45.97 Siltstone/ 
Sandstone 
Trough Stratification 
(siltstone/sandstone), elongated, 
sub-angular to sub-rounded 
siltstone pebbles, moderately 
sorted 
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5 
 
47.85 48.03 Siltstone/ 
Sandstone 
Mixing of two lithologies, dark 
(siltstone), lighter (very fine 
sand), nail-shaped fossils 
(dolomitic), some bioturbation, 
sub-angular pebbles, poorly 
sorted 
6 
 
69.19 69.49 Siltstone Alteration (red to white), 
homogeneous siltstone, well 
sorted, mud-clasts at the top of 
the sample; at the bottom: sharp 
boundary, brecciation zone with 
sub-angular siltstone pebbles 
7 
 
75.40 75.53 Siltstone/ 
Sandstone 
Two lithologies 
(siltstone/sandstone), matrix-
supported breccia with sub-
angular siltstone pebbles in a 
sandy matrix, some soft 
deformation, alteration, poorly 
sorted 
227 
 
8 
 
78.33 78.46 Siltstone Sub-angular siltstone pebbles in 
a sandy matrix, some soft 
deformation, clasts are 
elongated, alteration, poorly 
sorted 
9 
 
78.46 78.69 Siltstone Matrix to clast-supported 
breccia with angular to sub-
angular siltstone pebbles in 
sandy matrix, clasts are less 
elongated, alteration, 
moderately sorted 
10 
 
81.38 81.52 Siltstone Matrix supported breccia with 
sub-angular siltstone cobbles in 
fine-grained matrix, some 
ductile deformation present, 
poorly sorted 
11 
 
81.69 81.90 Siltstone Clast supported breccia with 
angular to sub-angular siltstone 
cobbles in fine-grained sandy 
matrix, some ductile 
deformation, poorly sorted 
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12 
 
81.99 82.13 Siltstone Matrix supported breccia with 
angular to sub-angular siltstone 
cobbles, some clasts show 
mosaic brecciation, smaller 
clasts, matrix supported, 
towards the bottom, fine-grained 
to sandy matrix, poorly sorted 
13 
 
82.30 82.37 Siltstone Matrix supported breccia with 
sub-rounded siltstone granules 
to pebbles in sandy matrix, 
poorly sorted 
229 
 
AIV. PUBLICATIONS 
AIV.1 Peer-Reviewed Journal 
Application of photogrammetry for mapping of solution collapse breccia pipes on the 
Colorado Plateau, USA 
Matthias Klawitter, Davide Pistellato, Anthony Webster, Joan Esterle 
 
First published: 14.12.2017 
Published in: The Photogrammetric Record 
 
Abstract 
Solution collapse breccia pipes (SCBPs), that form under the influence of gravity, and sinkholes 
were studied on the Colorado Plateau in Arizona, USA to identify preserved evidence of their 
formation mechanisms. Close range photogrammetry was employed for data acquisition and 
reconstruction of the three-dimensional (3D) scene of the outcrops. Key geological features were 
accurately mapped within their true 3D space using photogrammetry. Interpretations of the results 
suggest that the mechanisms controlling the collapse, and its debris distribution within the pipe, are 
influenced by in situ discontinuities in the host-rocks at every scale from the regional context to the 
size and shape of the collapsed blocks. 
 
Introduction 
In this research, close range (terrestrial) photogrammetry was used to study solution collapse 
breccia pipes (SCBPs – explained in the following paragraph) and sinkholes that occur on the 
Colorado Plateau in the south-west USA, to investigate structural features that contribute to their 
formation. Close range photogrammetry, which allows the generation of three-dimensional (3D) 
models from two-dimensional (2D) photography (Chandler, 1999; Luhmann et al., 2014), was used 
as the basis for obtaining high-resolution representations of the in situ terrain, which were used for 
later analysis. Primarily, photogrammetry has been used in geosciences for the reconstruction of 
landforms; for example, digital elevation models (Fonstad et al., 2013), topographic and surface 
models (Martin, 1980; Heng et al., 2010), and geomorphological investigations (Chandler, 1999; 
Lane, 2000; Grosse et al., 2012). Recent improvements in digital surveying techniques, in terms of 
data acquisition and processing, have facilitated the creation of orthophotographic mosaics and 3D 
point clouds. The combination of a mosaic with a point cloud enables the user to identify and 
digitally map geological and structural features in the 3D model such as faults, fractures and 
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bedding (Carrivick et al., 2016). This technique enhances the study of geological outcrops that are 
either too large to manually map or inaccessible, such as an SCBP in the canyon wall. 
Solution collapse breccia pipes in the Colorado Plateau result from karst dissolution and subsurface 
void generation in the Redwall Limestone (Mississippian) in the geological past. Due to the 
dissolution of carbonates, the cavity within the limestone extended up to a certain point, until the 
roof was no longer supported, and subsequently collapsed into the void. Further solution and 
removal of the collapsed material and wall rocks resulted in a progressive propagation upwards 
through the overlying stratigraphic units (Wenrich, 1985; Laznicka, 1988), forming a vertically 
extending column of broken rock mass in a pipe-like shape, such as an SCBP (Wenrich and Titley, 
2008; Alpine and Brown, 2010; Spencer and Wenrich, 2011). Sinkholes are the result of solution 
collapses close to the surface, formed in the same strata that host SCBPs. They can be investigated 
to understand the breakage and collapse behaviour of the rocks and as a means of understanding the 
former surface expression of an SCBP. In this context the findings could reveal insights about rock 
failure mechanisms, fragmentation processes and subsidence of these systems on the Colorado 
Plateau. Such insights would assist understanding of the formation and behaviour of natural caving 
systems, and inform geotechnical engineers who design underground mines using block caving 
methods. 
These pipes can be as much as 1300 m high and are roughly circular in plan-view (up to 100 m in 
diameter) (Wenrich et al., 1992; Wenrich and Titley, 2008; Spencer and Wenrich, 2011). The uplift 
and incision of the plateau by the modern drainage system (Foos, 1999) exhumed some parts of 
these pipes at different stratigraphic levels across the area, allowing them to be surveyed and 
studied. Solution collapse breccia pipes can be exposed either in the walls of the Grand Canyon and 
its side branches, outcrop as a prominent erosion pinnacle on a slope-forming surface, or are 
expressed as shallow structural basins up to 800 m in diameter, with inward dipping strata, and are 
many times larger than the original breccia pipe itself (Wenrich and Sutphin, 1988; Wenrich et al., 
1992; Alpine and Brown, 2010). 
Understanding structural features is important in determining both the collapsing mechanisms and 
fragmentation processes, which have yet to be characterised by using high-resolution spatial-
mapping techniques, the main one being close range photogrammetry. 
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Geological Setting and Study Areas 
The Colorado Plateau is located in the south-west of the United States and covers an area of about 
337.000 km2 in south-eastern Utah, northern Arizona, north-western New Mexico and south-
western Colorado (Hunt, 1956; Morgan and Swanberg, 1985; Foos, 1999; Roden and Shimizu, 
2000) (Fig. 1). The plateau consists of a Precambrian intracontinental block of Proterozoic 
sediments and crystalline basement rocks, which are covered by flat-lying to slightly folded 
Palaeozoic and Mesozoic sediments (Fig. 1) (Roden and Shimizu, 2000; Sommer et al., 2012). In 
the region of the Colorado Plateau, SCBPs are abundant, with more than 1300 pipes or solution-
collapse-related structures identified (Fig. 2) (Sutphin and Wenrich, 1989; Brown and Billingsley, 
2010). 
 
Figure 1. (A) Stratigraphic column of the Grand Canyon (Fm: Formation). (Note: The rocks of the Grand Canyon 
Supergroup (Proterozoic) are younger than the Vishnu Basement (Statherian to Orosirian).) The SCBP originates in the 
Redwall Limestone (Mississippian) and propagates upwards through the overlying units. (B) Map of the Colorado 
Plateau showing the main state boundaries and drainage systems. The red rectangle indicates the Grand Canyon area, 
where the fieldwork has been undertaken (modified after Hunt, 1956; Foos,1999). 
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/phor.12219 - figure-viewer-
phor12219-fig-0002 
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Figure 2. Map of study area on the Colorado Plateau in the south-west of the USA and the location of the three outcrops 
which have been examined in this study. The yellow dot shows the location of the Navajo Pipe. The green dots show 
the location of the sinkholes (Devils Kitchen and Eagle Sink). The red dots show the location of SCBPs and solution-
collapse features published by the United States Geological Survey (USGS). 
Three different outcrops, one SCBP and two sinkholes, were studied. The Navajo Pipe is located in 
the Little Colorado River Gorge, a side branch of the Grand Canyon, in northern Arizona (Fig. 2). 
Due to the erosion which formed the canyon, this pipe is partially exposed for a vertical extent of 
180 m in the northern wall of the canyon and is visible in an outcrop from the top of the Coconino 
Sandstone (fine-grained, cross-bedded quartz sandstone) up to the surface (Kaibab Formation). The 
width of the body filled by fragmented material varies between 40 m at the base and 30 m at the top 
of the exposed section. 
The Eagle Sink is a sinkhole located in southern Utah (Fig. 2) and exposed in the lower Moenkopi 
Formation. This unit is characterised by limestones, siltstones and sandstones and its thickness 
varies between 6 and 15 m. The lower contact is formed by a disconformity of 1 to 2 m thick chert 
breccia and separates the Moenkopi Formation from the underlying Kaibab Formation (Doelling et 
al., 1989; Sable and Hereford, 2004). The dimensions of the sinkhole are, on average, 69 m × 49 m 
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and the depth varies between 35 m at the sides and 45 m in the centre of the sinkhole. The bottom is 
covered with loose fragmented material, which derived from the wall rocks and collapsed surface. 
The Devils Kitchen is another sinkhole, located in Sedona, Arizona (Fig. 2). The dimensions of the 
sinkhole are 40-to-50 m × 30 m and the depth varies between 12 and 18 m. The bottom of the 
sinkhole is covered with loose fragmented material. The rim of the sinkhole is formed by the 
Schnebly Hill Formation, a massive sandstone (Lindberg, 2010). In this part of the Colorado 
Plateau the Schnebly Hill Formation directly overlies the Hermit Formation, and therefore differs 
from the stratigraphy of the Navajo Pipe. However, the Schnebly Hill Formation only forms the 
surface bedrock. The underlying formations down to the Redwall Limestone are the same. Previous 
research related sinkhole formation with a cave system developed in the Redwall Limestone, the 
ceiling of which eventually collapsed, and an upward stoping mechanism through the overlying 
stratigraphical units initiated (Lindberg, 2010). This process is similar to the development of an 
SCBP, which originated in the same stratigraphical unit (Redwall Limestone). 
 
Methodologies 
Data Acquisition 
For the data acquisition, the authors sought a technique that used lightweight equipment that 
provided flexibility and ease of operation in remote areas, as it was to be carried on foot. A 
terrestrial lidar system was discounted, due to the weight and bulky composition of the necessary 
equipment. Furthermore, drones could not be used, due to the restriction on operating drones in the 
field area. Therefore, close range photogrammetry was selected for the data acquisition. 
The data acquisition process involved the capturing of high-resolution photography and the 
recording of global navigation satellite system (GNSS) coordinates. To capture the target outcrop, 
camera stations were set up along the outcrop face and separated by a baseline/distance ratio of 1/7 
(Sturzenegger, 2010). From every camera station several photographs were taken using a “fan” 
mode to cover as much of the outcrop face as possible and to ensure a sufficient overlap with the 
photographs taken from the neighbouring camera station (such as suggested in Wenzel et al., 2013). 
In this study a Canon EOS 500D digital single-lens reflex (DSLR) camera with a 15 megapixel 
sensor has been used. In total three different lenses were tested for the data acquisition: a 35 mm 
focal-length prime (fixed focal length) lens (Canon EF 35 mm, f/2·0); a 70 to 300 mm zoom lens 
(Canon EF 70 to 300 mm, f/4 to 5·6L IS USM); and a 300 mm prime lens (Canon EF 300 mm, f/4L 
IS USM). Although the ground sample distance (GSD), defining the pixel coverage on the object, 
can be decreased by using zoom lenses, the 3D topographic accuracy of the model remains the 
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same, since this is dependent on other parameters besides the resolution (see below). Further, more 
photographs need to be taken to cover the whole outcrop face, which is a time-consuming process. 
Accordingly, the change of lighting conditions affects the reflection intensity of the outcrop and 
may prove hazardous for the image-matching process (Kehl et al., 2017). Hence, the Canon EF 35 
mm lens was employed for the data acquisition. To reduce the risk of any unintentional movement 
whilst capturing the photographs, an additional photographic tripod (Manfrotto 475B) combined 
with a panoramic head (Manfrotto 410) was used. 
In order to correctly scale and georeference the subsequent 3D model, various ground control points 
(GCPs) were evenly distributed across the entire outcrop, and their position recorded using a Leica 
1230+ differential global navigation satellite system (DGNSS) in real-time kinematic (RTK) mode. 
On average, the accuracy of a single point was between 2 and 3 cm. To obtain complete 3D models 
of the target outcrops, the north and south side of the canyon (Navajo Pipe) were recorded, setting 
up the camera stations and GCPs on both sides of the canyon (the distance between a camera station 
and outcrop face was 300 to 350 m) and circumferential to each sinkhole (Eagle Sink, Devils 
Kitchen) (Table 1). 
Table 1. Overview, for the Navajo Pipe and two sinkholes, of the number of photographs and ground control points 
(GCPs) used, dimensions, ground sample distance (GSD), 3D model accuracy and root mean square error (RMSE) for 
each model 
Name # of photos # of GCPs Width (m) Height (m) GSD 
(m) 
3D accuracy 
(m) 
RMSE 
(pix) 
Navajo North 174 6 1180 312 0.048 0.087 0.285 
Navajo South 178 12 825 355 0.048 0.254 0.323 
Eagle Sink 442 25 75 53 0.010 0.028 0.406 
Devils Kitchen 820 23 66 28 0.090 0.034 0.454 
 
Terrestrial 3D Photogrammetry 
In this study Agisoft PhotoScan (Version 1.2.6, August 2016) commercial software was employed 
to build 3D models of the outcrops. PhotoScan operates on the structure-from-motion multiview 
stereo (SfM-MVS) method. This method allows for the reconstruction of a scene from sufficiently 
overlapping photographs without the manual input of camera positions or orientation data: it has 
been described in more detail by several authors such as Westoby et al. (2012), Carrivick (2016) 
and Tonkin and Midgley (2016). The resulting 3D point clouds were reconstructed fully 
automatically and integrated into a relative (local) coordinate system. This method has proven to be 
flexible in relation to the variety of scales to which it can be deployed in the geosciences (Carrivick, 
2016). Although the PhotoScan software estimates the camera position for each photograph, the 
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exact location of each camera position and GCP (previously recorded in the field) were imported 
and used as constraints to scale and orientate the image block in georeferenced (world) coordinates. 
The GCPs can be set up by manually selecting the same feature in multiple photographs (for 
example, targets previously set up on the outcrop). 
 
Post-processing 
The fidelity of the 3D model to reality depends on several variables which are: the GSD (influenced 
by the base-to-distance ratio and mechanical camera specifications); RTK 3D topographic accuracy; 
human error in manually selecting GCPs; and the software reprojection error (indicating poor 
localisation accuracy of the corresponding point projection). The authors assessed that the 3D 
accuracy delivered by Agisoft PhotoScan to be appropriate for the extraction of significant 
geological features for the purpose of this study. The 3D models were then imported into Maptek 
Vulcan and Maptek I-Site Studio for structural analysis. These software packages provide digital 
tools, which allow for topographic survey and structural mapping of geological features, such as 
faults, joints, discontinuities, bedding planes and so on. These features were subsequently digitised 
and finally converted into analytical data by implementing a structural database (Maptek Vulcan) 
for structural analysis. 
 
Results and Discussion 
Data Acquisition 
Table 1 shows the number of photographs and GCPs used to reconstruct the 3D outcrops, the 
dimensions and 3D accuracy for each model. 
The distance between the camera stations and the outcrop face of the Navajo models ranged 
between 300 and 350 m. The distances between the camera stations and outcrop face of the 
sinkholes varied according to their width (Table 1). The prime 35 mm lens was considered to be 
suitable for capturing photographs of all outcrops to represent the key geological features according 
to the environmental constraints. Additionally, the Canon EF 70 to 300 mm zoom lens (described 
above) was employed for capturing photographs of the Navajo Pipe. However, to overcome the 
challenges in the acquisition stage (for example, the amount of data collected, the acquisition time 
and changes in lighting conditions over time), the coverage of those images was limited to the 
SCBP and does not include the surrounding wall rocks. 
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Data Processing 
After creating a dense 3D point cloud, the GCPs recorded in the field were imported to scale and 
accurately define the location of the model. Thereafter the software created a mesh from the 
correctly scaled and georeferenced 3D dense point cloud. In a last step, the texture of the outcrop 
from the 2D photographs was added to the mesh to finalise the 3D model. The textured model 
assists in identifying key geological features, such as changes in the lithology, bedding planes, 
joints and discontinuities. The combination of an orthophotograph mosaic and a dense point cloud 
is considered a significant improvement for digital 3D mapping and structural analysis. 
The final outcomes of the close range photogrammetry 3D models for the three outcrops, are 
represented in Figs. 3 and 4. Fig. 3(A) shows the northern canyon wall of the Little Colorado River 
Gorge, which hosts the Navajo Pipe, and Fig. 3(B) displays the opposite southern wall of the same 
canyon. The complete 3D model of both canyon walls, combined in one single model, can be seen 
in Fig. 3(C). Fig. 4 displays the final 3D models of the two sinkholes: Devils Kitchen in Fig. 4(A) 
and Eagle Sink in Fig. 4(B). 
 
 
237 
 
 
Figure 3. 3D photogrammetric model of the Navajo Pipe. (A) The north side of the canyon; the yellow dots indicate the 
GCPs. (B) The south side of the canyon; again the yellow dots indicate the GCPs. (C) Both sides combined in one 
single model; the blue shapes indicate the camera stations. 
 
 
Figure 4. 3D photogrammetry model of (A) the Devils Kitchen and (B) the Eagle Sink. The yellow dots indicate the 
GCPs and the blue shapes indicate the camera stations. 
 
Structural Analysis 
The 3D models were imported into Maptek Vulcan and Maptek I-Site Studio for post-processing. 
Key geological features, such as geological contacts, bedding planes, faults, discontinuities and 
joints were mapped and used for structural analysis. 
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Navajo Pipe 
Fig. 5 shows the process of the structural mapping of key geological features in the canyon wall of 
the Navajo Pipe. The light blue lines define geological contacts between the Coconino Sandstone 
and the Toroweap Formation (bottom), and the Toroweap Formation and the Kaibab Limestone 
(top). The blue lines indicate horizontally oriented bedding planes with a fining upwards from the 
lower Toroweap Formation into the upper Kaibab Formation. The SCBP was identified and its 
boundaries mapped (yellow lines). The width of the boundaries varies between 40 m at the bottom 
to 30 m at the top. Prominent master joints which intersect all stratigraphic units in the canyon walls 
surrounding the SCBP (red lines in Figs. 5(B) and (C)) can be distinguished into two fracture sets 
showing a NE and NW trend (Fig. 5(C)). The spacing of these joint sets varies between 40 and 65 
m. In outcrop the SCBP developed along two NE trending master joints and is bounded by them. 
 
 
 
 
Figure 5. (A) 3D mesh of the northern canyon wall of the Navajo Pipe. (B) Mapping of key geological features such as 
master joints (red), bedding planes (blue), geological contacts (cyan) and the pipe boundary (yellow). (C) 3D model of 
the mapped features from (B). The stereonet (inset) shows the orientation of the master joints (NE and NW). 
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Eagle Sink 
Fig. 6 shows a close range photogrammetry 3D model of the northern wall of the sinkhole. The blue 
line defines the geological contact between the Kaibab Formation (bottom) and Moenkopi 
Formation (top). The green lines indicate bedding planes within the Kaibab Formation. The red 
lines show faults intersecting the strata with a prominent offset between 4 and 12 m. The white 
arrows show the direction of displacement. These normal faults are also exposed in the southern 
wall and indicate a NW–SE trend (stereonet inset in Fig. 6). 
 
 
Figure 6. 3D mesh of the northern wall of the Eagle Sink (close-up). The blue line indicates the geological contact 
between the Moenkopi and Kaibab Formation. The green lines indicate bedding planes within the Kaibab Formation. 
The red lines indicate normal faults intersecting both formations causing a prominent offset. The white arrows show the 
direction of offset. The stereonet (inset) shows the orientation of the normal faults (red) within the sinkhole and the 
local normal fault (blue) to the east of the sinkhole. 
 
Devils Kitchen 
Fig. 7 shows the three major joint sets defining the shape of the sinkhole (blue: N–S; green: NE–
SW; purple: NW–SE). The failing of the rocks is dependent on the orientation and spacing of the 
joint sets, and the bedding thickness. The blocks on the bottom of the sinkhole vary in size from 
small pebbles to big boulders, which are 1 to 2 m in diameter and have a tabular shape. Close to the 
northern wall occurs a large trapezoidal block (9·5 m × 10·5 m × 6·5 m), which can easily be 
recognised on top of the rock pile filling the sinkhole. The shape of this block reflects the local joint 
pattern and failed along the vertically (blue, purple) to sub-vertically (green) developed in situ joint 
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sets in the wall rocks (Fig. 7). Furthermore, other smaller blocks indicate similar trapezoidal shapes, 
suggesting a relationship between the angular relations of the in situ joint sets in the wall rocks and 
the resulting shape and size of the blocks on the bottom of the sinkhole. 
 
 
Figure 7. 3D mesh of the Devils Kitchen. The coloured polygons (blue, green, purple) indicate three major joint sets 
controlling the collapse of the sinkhole. The stereonet (inset) shows the orientation of the joints (blue: N–S, green: NE–
SW, purple: NW–SE). 
 
Maptek I-Site Studio allows for the selection of individual points from the dense 3D point cloud. 
This selection can then be extracted and separately processed. Due to this, the 3D model can be 
manipulated by adding, moving or transforming individual geometric features. The prominent 
trapezoidal shape and preserved bedding surfaces within the block can be correlated with the wall 
rocks and, accordingly, relate this block back to its original position in the wall (Fig. 8). The 
manipulation of the dense 3D point cloud and extraction of certain geometric features is a major 
improvement in 3D modelling and assists in reconstructing and interpreting the failing mechanisms 
of the rock mass, improving the understanding of the collapsing mechanisms of the sinkhole. 
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Figure 8. Reconstruction of the collapse of a big block in the Devils Kitchen from the present position to its origin in the 
wall rock: (A) selecting the block; (B) cut and paste of the block; (C) rotation of the block; (D) initial position in the 
wall rock. 
 
Integration of the Data into the Regional Context of the Colorado Plateau 
The major fault system of the Colorado Plateau is characterised by mainly NE and NW trending 
normal fault sets (McLain, 1965; Eastwood, 1974; Shoemaker et al., 1978). The Marble Plateau, 
which is located in the south of the Colorado Plateau and hosts the Navajo Pipe, is also defined by 
NE and NW trending, steeply dipping normal faults, which intersect the Palaeozoic and Mesozoic 
strata of the plateau (Billingsley et al., 2007). Fig. 9 shows the location of the Navajo Pipe in the 
northern canyon wall of the Little Colorado River Gorge and the surrounding NE and NW trending 
normal faults, which have been published by the United States Geological Survey (USGS) 
(Billingsley et al., 2007). The majority (86%) of collapse features in this part of the plateau occur in 
clusters, and follow the same NE and NW trend of the local normal fault system (Sutphin and 
Wenrich, 1988). Further, karst dissolution and subsequent void generation in the Redwall 
Limestone is structurally controlled and the cave system has developed parallel and perpendicular 
to the local fault system (Huntoon, 1970; 1981). The SCBPs of the Marble Plateau form due to the 
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collapse of these caves, and hence align parallel to the local NE and NW trending normal fault 
system (Sutphin and Wenrich, 1988). However, this trend cannot always be confirmed in other parts 
of the Colorado Plateau, even in areas which have been mapped in detail (Billingsley et al., 1999). 
Nevertheless, the Navajo Pipe developed parallel to the NE and NW trending local normal fault 
system (Fig. 9). The orientation of the master joints mapped in the vicinity of the SCBP 
corroborates the preferred orientation of the joint sets mapped on the Colorado Plateau, and reflects 
the trend of the local normal fault system. 
 
 
Figure 9. Map showing the location of the Navajo Pipe (yellow dot) and the surrounding normal fault system (purple) of 
the Marble Plateau (coordinate system: NAD 83 UTM). The faults have been published by the USGS (Billingsley et al., 
2007). 
Further, the Eagle Sink and other nearby collapse features are aligned along a NW trending normal 
fault (Fig. 10), which can be seen in the northern and southern walls of the sinkhole (Fig. 6). These 
normal faults have a predominantly westward displacement and follow the same trend as the local 
normal fault (Fig. 6, inset stereonet). This suggests that the formation of the Eagle Sink is 
structurally controlled. The N–S extending walls of the sinkhole develop along these normal faults, 
whereas the E–W extending walls develop perpendicular to this trend. 
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Figure 10. Map of the location of the Eagle Sink (green dot) and further collapse features (blue dots). The map shows 
that the Eagle Sink and the collapse features develop along the NW–SE trending normal fault (map modified after Sable 
and Hereford, 2004). Furthermore, the N–S extension of the Eagle Sink follows the same NW–SE trend of the normal 
fault (coordinate system: NAD 83 UTM). 
The regional fault zones and joint sets in the Sedona area are mainly NW oriented. The Devils 
Kitchen together with other sinkholes exposed in this area are developed along NW and SE trending 
joint sets (Lindberg, 2010). The sinkholes are associated with a cave system in the Redwall 
Limestone, which are aligned with the orientation of the joint sets. The study has shown that the 
development of the Devils Kitchen sinkhole is structurally controlled and its shape and orientation 
are defined by three major joint sets (Fig. 7). These findings are in agreement to the study 
conducted by Wenrich (1985), which showed that an SCBP – the Bat Cave pipe in the western part 
of the Colorado Plateau – was controlled by the fault system. This SCBP developed directly on a 
fault and propagated from the Redwall Limestone upwards into the overlying stratigraphic units. 
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Conclusion 
This study has shown that close range photogrammetry is an appropriate method to reconstruct 
high-resolution 3D scenes from outcrops in remote areas. The acquired data was sufficient to create 
accurate and georeferenced 3D models using Agisoft PhotoScan. The 3D models obtained using 
this software were highly suitable for post-processing at every scale from the regional context to the 
size and shape of a single block. Additional software packages, such as Maptek Vulcan and Maptek 
I-Site Studio, assisted in the extraction of key geological features, which were converted into 
analytical data and used for structural analysis. Due to the size (the model “Navajo North” reflects 
the width of the canyon of up to 1180 m) and limited accessibility of the outcrops (the Navajo Pipe 
is within canyon walls), this study would not have been possible without techniques such as lidar or 
close range photogrammetry, since aerial and satellite images have failed to provide sufficient 
resolution (too coarse) and coverage (vertical cliff exposure) of the target outcrops. This research 
has shown that the occurrence and development of the SCBP and sinkholes across the Colorado 
Plateau is structurally controlled at all scales, and influenced by the in situ discontinuities in the 
host rocks. This study corroborates previous observations that the occurrence of SCBPs and 
collapse features on the Colorado Plateau is predominantly structurally controlled and associated 
with the karst dissolution and developing cave system in the Redwall Limestone. Future studies 
should emphasise the role of the in situ jointing and how the lithology influences the rheology and 
breaking behaviour of the rock mass. 
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AIV.2 Conference Abstracts 
AIV.2.1 The Seventh International Conference and Exhibition in Mass Mining 2016, Sydney, 
Australia 
 
Natural caving systems as potential analogues to mining induced caving  
Matthias Klawitter 
 
Block caving is a mass underground mining method in which a block of ore is artificially undercut 
and, following the drawing of broken ore, caves progressively. The subsequent upward progression 
is either due to failure along natural discontinuities (i.e. gravity caving) or stresses induced in the 
back of the cave (stress caving). The research hypothesis in this study is that naturally caved 
systems may provide analogues to the subsidence mechanisms associated with gravity induced 
caving. Solution collapse breccia pipes (SCBP), which form mainly under the influence of gravity, 
when a rock mass progressively collapses into a developing void due to water flow and material 
dissolution, are one such system.  
Brown (2003) identifies four different zones in a typical block cave mine: undercut/ extraction level 
(bottom of mining block), caving zone (draw column), stand-off zone (affected by deformation 
associated with caving zone), and subsidence zone (crater on the surface). Each zone represents an 
important component of the mining-induced subsidence structure and has its own characteristic 
geological features.  
SCBP exposed in natural outcrops and mining areas in Arizona, U.S.A., have been analysed to 
identify preserved evidence of mechanisms that produced the final geometry of the collapse 
structures. Where feasible, the internal clast characteristics of the mobilised material (now lithified; 
considered as analogous to caving zone) have also been mapped. Preliminary results show that the 
SCBP’s examined can also be divided into zones that have features in common with those defined 
by Brown. Although these two systems are not directly analogous, the findings of this study suggest 
correlations between natural- and mining induced caving and will significantly increase the 
understanding of cave mining processes. 
 
 
Reference: Brown, E. 2003. Block Caving Geomechanics, Brisbane, Australia, Julius Kruttschnitt Mineral Research 
Centre, p. 516. 
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AIV.2.2 Australian Earth Sciences Convention 2016, Adelaide, Australia 
 
Photogrammetry-assisted mapping of solution collapse breccia pipes, Colorado Plateau, 
U.S.A. 
Matthias Klawitter, Davide Pistellato, Anthony Webster 
 
The Colorado Plateau in Arizona, U.S.A., hosts hundreds of solution collapse breccia pipes 
(Wenrich, 1985). These pipe-like bodies of fragmented rock and matrix initially formed due to the 
dissolution of the Redwall Limestone (Mississippian) during the development of an extensive 
karstic terrain and the formation of caverns. At various times the ceiling of these caves would fail 
and the overlying formations collapse into the void. Further dissolution was then followed by an 
upward stoping process, finally resulting in a pipe-like structure filled with angular to rounded 
fragments of broken rock and matrix – the breccia (up to 1300 metres high). The collapse was also 
accompanied by brittle and ductile deformation in the surrounding, horizontal strata, and probably 
caused subsidence on the surface. Further a sharp contact zone (sheeted zone) with concentric, near 
vertical ring fractures, and steeply inward dipping strata separates the fragmental material from the 
enclosing rocks. The general aspects of the formation of these features are understood (e.g. 
Wenrich, 1985), but the details of the subsidence mechanisms have not previously been 
investigated. Recent erosion (~5 Ma ago) and exhumation of the pipes resulted in multiple surface 
exposures. Most of the target breccia pipes are exposed in the canyon walls and inaccessible. 
Therefore Terrestrial Digital Photogrammetry, a remote sensing technique, was employed for data 
acquisition. This technique, combined with high precision topographic measurements recorded by 
means of a Differential GPS, allowed the generation of accurate and undistorted 3D models from 
2D imagery using software packages such as Agisoft Photoscan or CAE Sirovision™. The correctly 
scaled and georeferenced models allow the identification and mapping of key geological features of 
the rock mass comprising the pipes, including such physical features as block size and shape, and 
discontinuities. Within the fragmented material of the pipe core, there is an outer zone comprised of 
concentric flow layering (now lithified) which wraps vertically around the outer margins of the core 
forming a prominent collar-like shape in eroded canyon wall exposures. The inner portion of the 
pipes preserves evidence of flow processes that once occurred in the pipes (prior to lithification) 
including multiple overprinting zones of internal subsidence (flow within the broken material), near 
horizontal layering, open and closed breccia frameworks on a massive scale (blocks can be several 
metres across) and maintenance of bulk composition in the clast distribution of the breccia. In 
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addition to characterising the natural pipes and their formation, the information could be used to 
develop dynamic flow simulation models for induced cave mining. 
 
Reference: Wenrich, K.J. 1985. Mineralization of breccia pipes in northern Arizona: Economic Geology, v. 80, no. 6, p. 
1722-1735. 
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AIV.2.3 The Second Virtual Geoscience Conference 2016, Bergen, Norway 
 
Application of photogrammetry for mapping of natural solution collapse breccia pipes in the 
Grand Canyon, USA 
Matthias Klawitter, Davide Pistellato, Anthony Webster, Joan Esterle 
 
The Colorado Plateau in northern Arizona, USA, hosts hundreds of solution collapse breccia pipes 
(SCBP) and sinkholes (BROWN & BILLINGSLEY, 2010). These structures formed due to the 
dissolution of limestone, which formed an extensive cave system. Eventually the ceiling of the cave 
failed and the overlying rock dropped into the void. If the collapse occurred immediately below the 
surface, it formed a sinkhole; if it originated at a deeper stratigraphic level, followed by an upward 
stoping process through the overlying strata, a vertical pipe-like structure was formed (SCBP), 
which is filled with angular to rounded fragments of broken rock (WENRICH & TITLEY, 2008). 
Erosional processes started forming the Grand Canyon 5 Ma ago and exposed some parts of these 
structures at different stratigraphic levels, allowing them to be investigated. Further, sinkholes 
formed in the same strata and were studied as a means of possible understanding of the original 
surface expression of a SCBP. 
The best exposures of SCBP’s are exposed in remote cliff faces and thus are not accessible. To 
study these structures, Terrestrial Digital Photogrammetry (TDP), a remote sensing technique, was 
used for data acquisition. TDP is based on capturing two photos of the same area from two different 
locations. Software packages, such as Agisoft Photoscan, identify identical reference points in each 
photo and accordingly intersect these photos to create a 3D image. TDP combined with high 
precision topographic measurements recorded by Differential GPS, allows the generation of 
correctly scaled and georeferenced 3D models from 2D imagery (Figure 1).  
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Figure 1. 3D-photogrammetry model of a canyon wall from a side branch of the Grand Canyon in central northern 
Arizona, U.S.A. The blue shapes indicate the camera positions of the other side of the canyon from where the photos 
were taken. The cameras were set up in a specific way to create as much overlap as possible and to cover as much of the 
canyon wall as possible to obtain a highly detailed 3D model of the canyon wall. The white arrow indicates the location 
of the SCBP. 
 
 
The final 3D-photogrammetry models obtained of exposed SCBP’s are highly suitable for post-
processing. Additional software packages, such as Maptek I-Site and Maptek Vulcan, assist in the 
structural and geotechnical analysis (Figure 2) to investigate and map key geological features of the 
rock mass, such as discontinuities (e.g. fractures, joints, bedding planes, etc.) and properties of the 
broken material (e.g. block size, size distribution, shape, orientation, etc.). 
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Figure 2. Arial view of the three major discontinuity sets from the northern and southern canyon walls extracted from 
the 3D-photogrammetry model (Figure 1). The red/white dot indicates the location of the SCBP. The pipe boundaries 
exposed in the canyon walls strike 196° to 198° degrees parallel to the N/S trending local fault sets.  
 
The study has shown that the occurrence and development of these systems is structurally 
controlled at all scales, while the surrounding lithology may also influence the geometry of a SCBP. 
Regardless of the location on the Colorado Plateau, every SCBP and sinkhole examined, develops 
parallel or perpendicular to the trend of the local fault systems and fails along the joint sets in the 
host rocks. The jointing and changes in the surrounding lithology influences the rheology and 
failure behaviour of the rock mass, resulting in different sizes and shapes of the broken material in 
the ‘breccia’ column. Further the research is revealing different zones of particle flow within the 
pipes, indicating that the genesis of a SCBP happened over multiple stages, and not as one 
catastrophic event.  
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